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Abstract:
[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK4][bookmark: OLE_LINK5]Microscale robotic devices have myriad potential applications including drug delivery, biosensing, cell manipulation and microsurgery. In this work we present a tethered, 3D, compliant grasper with an integrated force sensor, the entirety of which is fabricated on the tip of an optical fiber in a single-step process using 2-photon polymerization. This gripper could prove useful for the interrogation of biological microstructures such as alveoli, villi, or even individual cells. The position of the passively actuated grasper is controlled via micromanipulation of the optical fiber, and the microrobotic device measures approximately 100 µm in length and breadth. The force estimation is achieved using optical interferometry: high-dimensional spectral readings are used to train artificial neural networks to predict the axial force exerted on/by the gripper. We describe the design, characterization and testing of the grasper and demonstrate its real-time force sensing capability with an accuracy below 2.7% of the maximum calibrated force.
Keywords: microrobot; microgripper; optical force sensing; two photon polymerization; compliant actuation

1. Introduction
The development of microscale robotic devices has been expanding rapidly in recent years, with proposed applications including targeted drug delivery, biosensing, cellular manipulation and microsurgery.[1-3] A host of different embodiments have been proposed from untethered swimming-type microrobots to microgrippers.[4,5] The latter could afford the ability to grasp, palpate, sense and even manipulate tissue at the cellular or near-cellular level in vivo. As the future of surgery is increasingly driving towards early and precision intervention – requiring the development of micro-instruments that can facilitate in situ, in vivo micromanipulation – it is clear that microscale robotic grasping tools have the potential to provide important medical advances.
Since the appearance of the first general purpose MEMS (micro-electro-mechanical systems)-based microgripper,[6] a wide variety of similar devices have been reported, using fabrication methods such as deep reactive ion etching (DRIE), micro electrical discharge machining (EDM) and LIGA (Lithographie, Galvanoformung, Abformung).[7-9] MEMS fabrication techniques employ well-understood processes and materials and, as such, device behavior can be reliably modelled. However, because of the layer-by-layer fabrication approach, the resulting grippers are limited to highly planar designs unless post-fabrication assembly or folding is employed.[10,11] Typical footprints are on the order of tens of square millimeters (including the driving mechanisms) and the gripper portion itself tends to have a very high aspect ratio – i.e., it is long and thin.[12] For microsurgical applications this presents limitations, as the devices are too large for deployment in small areas of the human anatomy such as circulatory vessels or the eye.
An alternative and promising microfabrication method that has gained significant interest in the area of microrobotics is 2-photon polymerization (2PP), which permits versatile maskless 3D-printing of microscale structures with features as small as ~100 nm.[13] A number of reports have been published demonstrating the use of this technique to fabricate a wide range of different microrobots, the most popular of which are magnetically steered flagella-like robots.[14-16] Further noteworthy advances in the area include steering of microrobots via optical trapping,[17,18] assembly using capillary forces,[19] and catalytic bubble generation for self-propulsion.[20]
Different target applications require appropriate methods for actuation (i.e. movement) and these can typically be categorized as either global or local actuation. Global actuation refers to control schemes that affect the position or orientation of the robot relative to its surroundings, and this is often used to control swarms of microrobots to navigate about their environment. Local actuation, on the other hand, induces relative motion between different parts of the robot mechanism, resulting in pushing/pulling along an axis or rotation about a hinge (e.g. rotational actuation to expel a payload).[21]
Gripping requires local actuation. Shape-changing materials – which are well suited to microgripping due to the comparative ease of single-step, single material fabrication – have been demonstrated in conjunction with 2PP in two ways: using hydrogels that swell and contract under different pH conditions;[22,23] or using liquid crystal elastomers (LCEs) that swell and contract in response to light.[24] While these mechanisms provide clear actuation, they have certain drawbacks in the case of application to tethered 3D microrobotic gripping tools. Although hydrogel materials are typically soft, functional millimeter-scale grippers have been realized by integrating a second, stiffer material into the gripper design.[25,26] This approach (which did not involve 2PP) permitted secure grasping and was used to demonstrate excision of a group of cells from a cell culture mass,[25] however, it entailed a multi-step, multi-layer manufacturing protocol. 2PP fabrication procedures have been used for printing of LCEs but these are also generally complex in nature. Indeed, although 2PP of LCEs has shown promising results for local actuation of 2D untethered microgrippers,[27] fabrication was performed between two sandwiched layers of polyimide-coated glass. Thus, integration of either of the above mechanisms into a 3D tethered design for microsurgical applications – which may require fabrication on novel substrates such as optical fibers – is likely to prove highly challenging.
Beyond these active local actuation schemes, compliance (elastic deformation in response to an applied force) offers another alternative that permits precise mechanical control of complex instruments, albeit in a passive manner. Compliant, or passive, actuation has been demonstrated in 2PP structures,[28] in particular as part of a cooperative control micromanipulation setup indicating its potential for use in robotic tasks at the microscale.[29] In addition, and importantly, compliant mechanisms are ideally suited to 2PP because they can be printed in a single pass using a single material.
Besides actuation, any functional microrobotic system also requires a sensing mechanism in order to provide feedback on the state of the robot (e.g. feedback regarding the robot’s position, its orientation or the force that it is applying). Most of the 2PP-based microrobots reported to date rely on external sensing for feedback to help determine subsequent actions (for example, via optical microscopy or magnetic resonance imaging), as relaying non-visual information from a wireless microrobot is extremely challenging. As such, there have been just a few examples of studies that combined sensing and actuation into a single microrobot.[17,27,30]
In order to develop tethered microgrippers capable of incorporating both sensing and actuation, we used optical fibers as substrates upon which to mount microrobotic tools. The optical fibers carry light to and from the grippers for sensing and/or actuation and provide a means of minimally invasive microrobot delivery. Optical fibers have previously been used in conjunction with 2PP for both imaging and sensing applications,[31-33]  however, to date there have been no examples of fiber-based microrobotic systems.
In this article, we report the development of a tethered, force-sensing microgripper that is directly printed onto the tip of a single mode, 125 µm diameter optical fiber using 2PP (Figure 1A-C). Global actuation is achieved using a commercial piezoelectric micromanipulator, and passive local actuation is achieved using a compliant mechanism. The proposed form-factor has inherent potential to integrate further functionalities (such as active actuation) using direct delivery methods.
The presented device, which has a maximum dimension along all three axes of no more than 100 µm, consists of a passively actuated, three-fingered gripper with an integrated force sensor designed to provide accurate, 3D micromanipulation of objects with diameters on the scale of tens of micrometers (i.e., cellular scale). At these dimensions, it can be easily passed through surgical needles or steerable-catheter-like robots for minimally invasive use (Figure 1A&B), and control of the global position of the microgripper can then be achieved via external movement of the optical fiber. The force sensing capability is based on optical interferometry, hence, the sensor can be addressed by coupling light into the optical fiber upon which the gripper is mounted. Future design iterations aim to incorporate full active local actuation of the gripper. 
 To the best of our knowledge, this work entails the first force sensing micromanipulation tool manufactured using 2PP, and the device also represents the smallest tethered force-sensing microgripper produced using any previously reported fabrication protocol. This tool has the potential to be applied in minimally invasive medical tasks (e.g., drug delivery, microsurgery, microbiopsy etc.), remote sensing, or in vitro cellular manipulation for advanced tissue culture applications (e.g., organ-on-a-chip). Furthermore, the system’s fiber-based form-factor allows further development to incorporate additional features. In this article, we describe the design and fabrication of the fiber-robot, and demonstrate real-time micromanipulation with force feedback provided by the optical force sensor.

2. Results and Discussion
2.1 Gripper design and fabrication
The 3D, underactuated, compliant gripper is comprised of three fingers, each based on a three-hinge mechanism consisting of 4 rigid links and a single compressible link length (Figure 2A). C-shaped living (or flexure) hinges are used to provide compliance in the structure; this mechanism is ideally suited to microfabrication due to the single-pass fabrication protocol and the lack of assembly required post-fabrication. Flexure hinges also offer the advantage of being frictionless as they have no separate moving parts. The design of the gripper’s three-hinge mechanism extends on a planar two-fingered macroscale surgical gripper,[34] and the 3D design builds on our previous work fabricating a passive microgripper without force sensing capabilities.[35] For the proposed microgrippers, the three fingers are located 120° apart and are joined together at the base to form the central ‘palm’ of the gripper. Embedded within the design is an optical force sensing element that consists of a series of parallel thin plates held in place by three springs integrated into the fingers. When a force is applied to the center of the gripper, the flexure hinges in the system bend causing the fingers of the gripper to close inwards (Figure 1C, Movie S1&2, Supporting Information). Furthermore, the springs compress, reducing the distances between the parallel plates, and it is this relative movement between the plates that underpins the force sensing capability. The force required to compress the structure is dictated not only by the mechanical design, but also by the chosen printing parameters such as laser power, scan speed and raster density. Thus, tool stiffness can be controlled to some degree in order to suit the target object for manipulation. In addition, due to the simple fabrication process, the gripper size and shape can be readily adapted to be larger or smaller depending on the target object.
In choosing the dimensions of the microrobot, the size of the object of interest was first considered. For the experiments presented here, this was a 50 µm diameter sphere at the tip of a commercial MEMS force sensor, which was not only on the scale of typical biological cells but also provided a means of tool characterization. Fabrication constraints as well as material and geometric considerations were taken in to account during an empirical shape optimization that was conducted in order to define the microgripper parameters used for experiments (Figure S1-3, Supplementary note 1, Supporting Information). C-shaped flexure hinges were used as they reduced both stress and strain, compared with straight hinges, for a given applied force or compression (Figure S4, Supporting Information). The microgripper was fabricated on the tip of a single mode optical fiber using a commercial 2PP system (see Figure 2B, Experimental Section, Figure S5, Supporting Information), with the fiber positioned for printing using a 3D-printed mount (Figure S6, Supporting Information). The resulting dimensions of the final gripper are shown in Figure 2C&D.
Production of the robot at the fiber tip allowed the optical force sensor to be addressed by coupling light into the fiber, and will also permit minimally invasive use due to the sub-millimeter scale. Furthermore, whilst the current device is passively actuated, the fiber-based design inherently has potential for direct energy delivery to allow active actuation in future designs. This could be achieved using optical energy delivery with standard silica fibers and light actuated materials, or through delivery of electrical energy (or other forms of energy) using custom multi-material fibers in combination with complementary stimuli-responsive photoresists.[36] However, there are many challenges in developing polymers that are suitable for 2PP printing directly onto the tips of optical fibers, whilst also providing the desired mechanical, optical, electrical and other properties necessary for actuation (i.e., in terms of rigidity, elasticity, optical absorbance, response to optical/electrical stimulation, etc.). Thus, in this article we have presented a passive actuation protocol with a view to developing active photo-actuatuated polymers that can be applied to similar designs in the future.

2.2 Optical force sensing
The microgripper contains an optical force sensor to allow accurate micromanipulation of fragile or soft objects. This sensor, based on optical interferometry, consists of four thin and equally-spaced parallel polymer plates (Figure 2C&D) in the center of the device, which are suspended by the three springs. As a force is applied by/to the gripper and its fingers close, the springs are compressed bringing the parallel plates closer together. The thickness and distance between the sensing plates in the equilibrium position are 1 µm and 10 µm, respectively. At this scale, the differences in path length between the light reflected from different plates lead to optical interference effects at visible wavelengths, which vary as functions of both wavelength and the distance between the plates (Figure 3A). Hence, by recording the spectrum of the light reflected from the optical force sensor we can predict the axial compression status of the sensor (by analysing the locations and relative intensities of the peaks and troughs in the spectrum).
The plate thickness and separation values were chosen in order to provide the requisite interference effects while also ensuring that the printed layers and supporting springs could remain stable during the printing and development process. Similarly, a total of four polymer layers were used in order to provide sufficient contrast between the peaks and troughs in the spectrum while also minimizing the total height of the sensing structure such that it would fit comfortably within the base region of the microgripper (Figure S5, Supporting Information).
To address the sensor, broadband light from a supercontinuum laser source is coupled into the single mode optical fiber on which the gripper is printed (see Experimental Section, Figure S7, Supporting Information). At the distal output of the fiber, this illumination is partially transmitted and partially reflected by each of the parallel plates in the sensor (Figure 3A) due to the difference between the refractive indices (n) of air (nair = 1) and the polymerized photoresist (npolymer = 1.52). The reflected light from the multi-layer sensing structure is collected by the optical fiber and delivered to a spectrometer for detection. The spectral readings then provide a readout of the compression state of the gripper (Figure 3B-D, Figure S8, Supporting Information), which can be calibrated in order to permit measurement of the applied force. Hence, after calibration, by recording just a single reflected light spectrum, it is possible to calculate the axial force applied by/to the sensor. Importantly, we confirmed that the microgripper did not act as a proximity sensor and that the spectral signatures only responded to changes in the compression status of the device (Figure S8, Supporting Information). 
In an ideal setup, the sensing region would be designed to provide a single reflected peak that changes wavelength in response to an applied force (i.e., in a similar manner to a Fiber Bragg Grating), as this would entail the simplest possible readout mechanism. In reality however, due to the use of visible wavelengths to interrogate the sensor and the limitations of the 2PP process, in this case we were unable to achieve a simple readout of this sort. Instead, we observed multiple peaks and troughs in the reflected light spectrum, and spectral processing was required in the calibration routine in order to convert measured spectra into force values. Nonetheless, reliable force feedback was achieved in real time using this approach.

2.3 Force Sensor Calibration
No two grippers produced identical spectral outputs, due to the manual 2PP alignment procedure and slight variations in the 2PP laser power.[37] Therefore, each gripper was calibrated and validated individually using the setup depicted in Figure S7 and S9 (Supporting Information). To allow for both offline and real-time force estimation, the calibration routine entailed training an artificial neural network (ANN) with a set of acquired spectra and corresponding force readings (see Experimental Section). Subsequent force estimations could then be made by using individual reflected light spectra, measured at a given point in time post-calibration, as an input to the trained ANN. The calibration routine entailed incrementally closing the gripper around the spherical tip of the MEMS force sensor and then, once the maximum force had been reached, decompressing the gripper mechanism in a similar stepped manner. The relative motion between the microgripper and the MEMS force sensor was achieved by mounting both devices on commercial robotic micromanipulators that were positioned under an optical microscope (Figure S9, Supporting Information). 
Only the most dynamic portion of the acquired spectrum – an 840‑point segment spanning the range 520‑815 nm – was used as the input to the ANN. A single corresponding force reading measured by the MEMS force sensor was used as the desired output. Spectra and MEMS force readings were acquired in ~1 µN steps for the calibration (Figure 4 A&B), and approximately 4-5 compression-decompression cycles were typically used to train each ANN (Figure S10, Supporting Information). With each cycle consisting of ~100 spectra/force pairs, this resulted in approximately 400 distinct input/output pairs per calibration. A spectral integration time of 50 ms was used for both training and testing, therefore the gripper’s force sensor provided readings at a rate of approximately 20 Hz (the ANN processing time was below 1 ms). The trained ANN was tested offline and we observed excellent agreement between the forces measured using the optical sensor and the ground truth values provided by the reference MEMS sensor. This was true both when the ANN training data was re-used as an input (Figure 4C) and when the ANN was applied to unseen input data (Figure 4D).

2.4 Real-time force sensing for open- and closed-loop control
Validation experiments to demonstrate the real-time force sensing capability of the gripper during several minutes of operation were also undertaken. These entailed both an open-loop task, with varied compression and decompression of the gripper, and a closed-loop task with the aim of maintaining a constant gripping force on a moving object.
For the open loop task, a human operator controlled the position of the micromanipulator-mounted gripper to perform pseudo-random back-and-forth motions across the range of forces trained. As the gripper was manually maneuvered relative to the tip of the MEMS force sensor, real-time force measurements were provided by both the MEMS sensor and the optical sensor, and these were shown to be in close agreement (Figure 5A, Figure S11, Movie S4, Supporting Information).
Taking this validation one step further, we also demonstrated the force-controlled micromanipulation capabilities of the fiber-robot by gripping the spherical tip of the MEMS force sensor and maintaining a constant axial force in a fully automated closed-loop manner (Figure 5B, Figure S11, Movie S5, Supporting Information). A previously chosen set-point – a constant force corresponding to a constant compression – was achieved initially, and then a periodic disturbance was applied every 4 seconds by moving the MEMS sensor either backwards or forwards, thereby causing the force to fall above or below the set-point. The gripper’s micromanipulator, based only on the ANN’s estimated force output, then corrected for these disturbances automatically using a simple proportional controller. The results of the experiment, in which the desired force was set to 17 µN, show that the set-point can be faithfully followed (Figure 5B).
For both the open- and closed-loop experiments, trained ANNs were shown to accurately predict the force with an average error below 0.8 µN. This translates to an error of 2.7% over the trained force range. It is predicted that the accuracy could be improved with smaller calibration step sizes. Importantly, the estimated forces output by the trained ANNs were not filtered or otherwise post-processed, indicating the robustness of the raw data. These experiments demonstrate the potential of the fiber-robot for accurate manipulation of soft or fragile microscale entities – such as cells or membranes – for which careful control of the applied force is required.
Although the calibration of the microgripper could, in theory, be used to determine either force or compression, throughout this article we refer exclusively to force. The reason for this is that, in collecting ground truth values for the calibration datasets, we were able to more accurately determine the force (using the MEMS force sensor) than the compression, which required measurement of the change in the length of the force sensor using the optical microscope. The optical microscope, at the maximum magnification of 168x zoom, has a pixel size of 0.4 µm. On the other hand, the MEMS force sensor has a force resolution of 0.05 µN. For a typical gripper used in this work, the spring constant was in the region of 10-50 µN/µm (measured under SEM). Assuming a typical spring constant of 10 µN/µm, the force resolution of the MEMS force sensor would translate to a compression resolution of 0.005 µm (almost 100 hundred times smaller than the pixel size of the optical microscope, which puts a lower bound on the resolution of the compression measurements).
Ultimately, however, the accuracy of the calibrated optical force sensor was limited not by the resolution of the MEMS force sensor but, in large part, by the minimum achievable step size of the micromanipulators when using the large-range motion mode required for the calibration compression-decompression cycles. A minimum average compression equating to 1 µN (~0.1 µm) was achievable using the stick-slip actuation mode. As demonstrated, however, accuracies of approximately 0.8 µN were achieved, slightly below the average calibration step size. This was possible due to the inherent overlap in the calibration positions used in each of the multiple compression-decompression cycles in the training dataset. This positional overlap acted to reduce the effective step size when considering 4-5 compression-decompression cycles as a single calibration dataset and, hence, allowed accuracies of below the 1 µN step size to be achieved.
Overall, ANNs prove to be an effective means of encoding the complex, high-dimensional relationship between spectral data and applied force. Furthermore, the force sensor – which is fabricated using an off-the-shelf photoresist intended for static photonic structures – performs well enough to allow accurate estimation of the current state of the gripper into which it is integrated. Future work will investigate the development of custom-designed photoresists for improved recovery from repeated deformation (i.e., improved elasticity) and for active actuation of the gripper mechanism.

2.5 Manipulation demonstration
	In order to further demonstrate the manipulation capabilities of the passively actuated microgripper, we undertook a ‘pick-and-place’ task in which the gripper was used to grasp, move and then release an ellipsoidal object. Due to the passive actuation mechanism of the 2PP-printed gripper, a second tool is required for manipulation. Thus, we demonstrated three methods of manipulation using a microgripper in combination with: (i) a non-compliant, passive tool with a fixed shape; (ii) a compliant tool containing a spring; and (iii) a second, identical microgripper (Figure 6, Figure S12-14, Movie S6). In each case, the object to be manipulated was a solid ellipsoid (with axis lengths in the range 40-70 µm) attached to a glass slide via a thin 10 µm diameter pillar (the pillar and ellipsoid were fabricated on the glass slide using 2PP).
Along with one of the supplementary tools described above, the microgripper was used to grasp and move the ellipsoid before releasing it at a different location. This task involved either breaking the connection or overcoming the static friction (stiction) between the pillar and the slide and, hence, illustrated the strength of the gripper. The force sensor in the gripper was calibrated prior to the manipulation task, allowing real-time force measurements to be acquired during manipulation. In this case, the force readings were used in an open-loop manner to permit manual control of the applied force. The most successful and reliable manipulation was achieved when using two identical microgrippers (Figure 6, Figure S12, Movie S6), however, manipulation was also possible using the gripper in conjunction with more basic tools (Figure S13&14). While a degree of stiction was observed between the gripper and the ellipsoid in some cases, it was still possible to perform the manipulation task using all three of the above tool combinations in a reliable and repeatable manner. Interestingly, we observed considerable variation in the applied force as the task was manually undertaken (Figure 6G), which further illustrates the need for accurate force sensing mechanisms in tools used for micromanipulation. Taken together, these results clearly demonstrate the capability of the 2PP-printed microgripper for force-controlled micromanipulation of fragile objects.

3. Conclusion
We have presented a microscale gripper with integrated force sensing fabricated at the tip of an optical fiber using 2PP. The use of a tethered, fiber-based format for the microrobot allowed the force sensor to be addressed optically, and has the potential to permit minimally invasive use and to provide energy delivery (for active actuation) in the future. We have described the design and fabrication of the robot and have demonstrated its capability for micromanipulation with accurate control over the applied force. The robot was fabricated using a single material in a single-step process. Due to this ease of production combined with the capability for controlled manipulation of soft/fragile microscale objects, this device holds significant potential for future use in cellular manipulation, sensing and microscale surgery.

4. Experimental Section
Gripper fabrication
	The microscale gripper was directly printed onto the tip of a single mode optical fiber (SM800-5.6-125, Thorlabs, Inc.) using a commercial 2PP system (Photonic Professional GT, Nanoscribe GmbH). 3D-printed mounts were used to orient the optical fiber for printing (Figure S6, Supporting Information) without modifying the commercial 2PP system. With a ~30 cm long section of fiber fed through the mount, a manual cleaver (Swift CI-02 Cleaver, Opticus) was used to cut the fiber cleanly before it was inspected for defects at the tip. A drop of IP-Dip photoresist (Nanoscribe GmbH) was placed on a glass coverslip, and the sample tray inserted into the 2PP system. The holder and fiber were then placed on top of the coverslip by temporarily removing the lid of the motorized stage while the laser interlock was engaged (Figure S6B, Supporting Information). In this arrangement, the tip of the fiber was immersed in the drop of photoresist, facing downward toward the glass coverslip, at a distance of approximately 130 μm from the coverslip’s surface. The fiber was located manually using the microscope camera view, and the structure was printed directly onto the cleaved fiber end by focusing a few micrometers into the substrate and then printing downwards to achieve good adhesion to the surface. After the mount plus fiber with printed structure were removed from the 2PP system, it was developed for 30 minutes in propylene glycol monomethyl ether acetate (PGMEA, Sigma-Aldrich) and then immersed in isopropyl alcohol (IPA, Sigma-Aldrich) for a further 2 minutes. Finally, the 30 cm section of optical fiber onto which the microgripper had been fabricated was spliced onto a longer section of fiber (approx. 1.5 m) using a fusion splicer (Arc Master FSM-100P, Fujikura Europe Ltd.) to allow connection to the laser/spectrometer assembly used to address the sensor. Following the protocol described above, successful fabrication with a usable sensor readout was consistently achievable.

Optical sensor readout
In order to address the optical force sensor, we assembled an optical system to couple light from a supercontinuum laser source (Fianium SC400, NKT Photonics A/S) into the single mode fiber on which the robot was fabricated, and to deliver the light collected by the fiber to a spectrometer for detection (Figure S7,  Supporting Information). The output from the supercontinuum laser was first collimated (L1 in Figure S7, Supporting Information) and then directed through a variable neutral density (ND) filter in order to provide control of the optical power without affecting the spectrum. The beam then passed through a 50/50 beamsplitter, a linear polarizer and a quarter waveplate (with its fast axis oriented at an angle of 45° to the linear polarizer) before being focused into the single mode fiber using a 10x microscope objective (L2 in Figure S7, Supporting Information). The input end of the fiber was mounted on a 3-axis translation stage, which was used to optimize the alignment of the fiber.
	The light coupled into the fiber was then delivered to the sensor printed on the distal end and some of this light was reflected back by the sensor and collected by the fiber. This reflected light passed back through the microscope objective (L2) and was collimated. It then also passed back through the waveplate-polarizer assembly. Finally, the beamsplitter directed the reflected light through a focusing lens (L3) onto the input slit of the spectrometer (FLAME-VIS-NIR, Ocean Optics). The waveplate-polarizer assembly was used to suppress background light reflected from the input face of the optical fiber (see Supplementary note 2 for details, Supporting Information).

Calibration and validation of gripper 
A spherical-tipped commercial MEMS force sensor (FT-S1000, FemtoTools) with a force resolution of 0.05 µN was mounted onto a micromanipulator (miBot, Imina Technologies) using a 3D-printed adapter. The optical fiber plus gripper was mounted atop a second micromanipulator. Both micromanipulators were positioned under a microscope (Axio Zoom V.16, Zeiss) on a steel plate, along which the manipulators could move in a ‘stick-slip’ driving mode. 
The micromanipulators were used to position the commercial sensor and the fiber-robot in front of one another, such that forward movement of either would induce a gripping action of the robot around the spherical tip of the force sensor. The fiber-robot was then moved forward in discrete steps corresponding to ~1 µN, until a chosen maximum force was reached (typically 30 μN) or until the fingers of the gripper had completely closed around the spherical tip of the MEMS force sensor. The fiber-robot was subsequently moved backwards in discrete steps of the same size until it reached its original position and no force was being applied. At each of the discrete steps, a microscope image, the force measured by the MEMS sensor, and a reflected light spectrum were recorded. 
We used the resulting calibration dataset to train an ANN on the 2D spectral matrix and the 1D array of MEMS force readings. After training, the ANN could be used to convert a measured spectrum into an applied force value. This procedure was realized using a fully integrated C++ program written in-house, which incorporated the Fast Artificial Neural Network (FANN) Library and provided control of all other components in the experimental setup.[38] A range of FANN training parameters were investigated in order to provide optimised force sensing while maintaining acceptable training times (see Supplementary note 3).
In order to demonstrate both open- and closed-loop operation of the microgripper, two validation tasks were performed in which the trained ANN provided real-time force readings. These tasks entailed moving the gripper relative to the MEMS force sensor in either a manual (open-loop) or automated (closed-loop) manner (as described in detail in section 2.4). In the case of the closed loop task, we note that after every 4-5 disturbance and correction cycles, the gripper was briefly retracted from the MEMS sensor before being brought back into contact with it. This allowed for an angular readjustment that was necessary because of the non-perfect reciprocal motion of the micromanipulators, which caused drift along the lateral axis of the force sensors and, thus, a build-up of lateral forces due to misalignment.
Finally, in the ‘pick-and-place’ manipulation experiments reported in section 2.5, the micromanipulator controlling the MEMS force sensor was replaced with a micromanipulator directing a second optical fiber on which a second tool had been printed using 2PP. This additional tool entailed either a solid, non-compliant pad, a compliant spring, or an identical microgripper. Along with one of these second, supplementary tools, the first microgripper was then used to grasp, move and release an ellipsoidal object (which was loosely attached to a glass slide via a thin pillar). In experiments where two microgrippers were used for manipulation, the optical force sensor in the first gripper was calibrated prior to the manipulation task. Hence, it provided real-time force feedback allowing manual, open-loop control of the applied force. The ellipsoidal objects used in the manipulation experiments had dimensions of either 40x40x60 µm or 50x50x70 µm, and the pillar-ellipsoid assembly was fabricated using 2PP.
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[bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK94][bookmark: OLE_LINK95]Figure 1. Microgripper for use with tethered snake-like robots. (A) Scanning electron microscope (SEM) image of the gripper-tipped optical fiber inside a prototype catheter robot. (B) Zoomed-in view of (A) showing the details of the gripper on the 125 µm diameter optical fiber. The central force-sensing element of the gripper is located over the 5 µm core of the fiber, through which the laser light emerges to address the sensor. (C) A series of SEM micrographs illustrating compression and grasping mechanism of the microgripper.
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[bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK98]Figure 2. Design and fabrication of fiber-tip microgripper. (A) CAD model of the gripper with a side-on view of one of the three gripper fingers. The compressible three-hinge mechanism is highlighted in red, along with the locations of the three flexure hinges. A linear force to the gripper palm is converted to a rotation of the gripper fingers by the compressible three-hinge mechanism. (B) An illustration of the printing setup in the 2PP system. The optical fiber is suspended with the cleaved surface facing downward towards the focal point of the 2PP system. (C) An SEM micrograph of the full gripper fabricated on the tip of a 125 µm diameter optical fiber. The link lengths of the compressible three-hinge mechanism are annotated. (D) A zoomed-in view of the microgripper force sensing element. The thin, semi-transparent plates are colored yellow, with the plate thickness and spacing annotated. Also see Figures S1-6 and Movies S1&2 (Supporting Information) for further details on the design, fabrication and function of the gripper.
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[bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK101]Figure 3. Output spectra of force sensor under different compressions. (A) A schematic showing the principle upon which the optical force sensing is based – changes in relative distances between layers of polymer and air result in different reflected light spectra. I – intensity; λ – wavelength; FT – fiber tip; Tp – thickness of polymer layers; Ta,1 and Ta,2 – distance between polymer plates in uncompressed (1) and compressed (2) states; PL – polymer layer. (B) Gripper approaching MEMS force sensor in an uncompressed configuration. (C) Compressed gripper fully closed around the MEMS force sensor. (D) Corresponding reflected light spectra recorded when the gripper is in the uncompressed (grey) and compressed (black) states shown in images (C) and (D), respectively.
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[bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK104]Figure 4. Force sensor calibration using spectral data and MEMS force readings. (A) 90 sequential MEMS force measurements acquired during an incremental compression-decompression calibration routine, color-coded according to the applied force (black – 0 µN, red – 30 µN). A full calibration consists of several iterations of such a compression-decompression cycle (see Figure S10 and Movie S3, Supporting Information). (B) The 90 spectral readings corresponding to the force measurements shown in (A). (C) The forces predicted by the ANN as a function of the known applied force when the training data (i.e., the spectral calibration data) is re-used as an ANN input. (D) The predicted force when unseen test data is used as an input to the same ANN.
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[bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK107][bookmark: _GoBack]Figure 5. Validation experiments under manual and automated control. The applied force (as recorded by the MEMS sensor) is plotted in red and the predicted force output as calculated by the trained ANN is plotted in black. See also Figure S11 and Movies S4-5 (Supporting Information) for further experimental results. (A) 7.5 minutes of applied versus predicted force from a manual control validation experiment. The average predicted force error is 0.8 µN. (B) 4 minutes of applied versus predict force from an automated control validation experiment, where the setpoint force was 17 µN. The average predicted force error is 0.8 µN.
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[bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK110]Figure 6. Demonstration of micromanipulation with real-time force feedback. (A-F) Optical microscope images showing two identical microgrippers being used to grasp, move and then release a solid ellipsoidal object with dimensions of 50x50x70 µm. The ellipsoid was attached to a glass slide via a 10 µm pillar, and it is clear that the grippers were able to overcome the static friction between the pillar and the slide during the manipulation task. The red dotted lines indicate the initial position of the ellipsoid. The optical force sensor in the gripper on the right hand side of the images was calibrated prior to the manipulation experiment (up to an applied force of 35 µN) and, therefore, provided real-time force feedback during the task. The applied force is shown in each image. Scale bar shown in (A) is 100 µm in length and representative of all images. (G) Graph showing the applied force as a function of time through the manipulation experiment. Arrows indicate the time-points of the images shown in panels (A-F). Considerable variation in the force is observed in this manual task, indicating the importance of real-time force feedback in micromanipulation.
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