A monolithic force-sensitive 3D microgripper fabricated on the tip of an optical fiber using 2-photon polymerization
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Captions for supplementary movies

Movie S1. Compression of c-hinged gripper on optical fiber. A gripper fabricated at the tip of a 125 μm optical fiber, under a scanning electron microscope, is compressed using a micromanipulator probe. The gripper has C-shaped hinges and is fabricated using the link lengths given in Table S1.

Movie S2. Compression of straight-hinged gripper on optical fiber. A gripper fabricated at the tip of a 125 μm optical fiber, under a scanning electron microscope, is compressed using a micromanipulator probe. The gripper has straight hinges and is fabricated using the link lengths given in Table S1.

Movie S3. Data acquisition for force sensor calibration. Force and spectral data acquired during a typical calibration with 4 compression-decompression cycles. Zero Newton forces and corresponding spectra are plotted in black, and the maximum calibration forces (30 μN, in this case) and corresponding spectra are plotted in red. Intermediate data points are plotted using a linearly interpolated color between black and red.

Movie S4. Force sensor performance for open-loop feedback. A live microscope recording, shown on the left, during open-loop control of the 3D-printed gripper with force sensor, after calibration. The graph on the right shows the corresponding real-time force readings from both the MEMS force sensor (black) and the output calculated by the trained neutral network (red) using live spectral readings. The gripper is manually maneuvered by a user in a pseudo-random manner.

Movie S5. Force sensor performance for closed-loop feedback. A live microscope video, shown on the left, during closed-loop control of the 3D-printed gripper with force sensor, after calibration. The graph on the right shows the corresponding real-time force readings from both the MEMS force sensor (black) and the output calculated by the trained neutral network (red) using live spectral readings. The goal is to achieve a constant applied force of 17 μN (pink), and a disturbance is periodically applied. The disturbance and consequent adjustments to maintain the setpoint force are automated, and based solely on the force readings derived from the fiber-mounted gripper fed into the closed-loop controller.

Movie S6. Demonstration of micromanipulation with real-time force feedback using two identical microgrippers. A live microscope video, shown on the left, recorded during performance of a manipulation task in which two grippers were used to grasp, move and then release a solid ellipsoidal object with dimensions of 50x50x70 μm. The graph on the right shows the corresponding real-time force readings from the optical force sensor within the gripper on the right hand side, which was calibrated prior to use. Data is identical to that shown in Figure 6. 

Supplementary Figures
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Figure S1. Gripper compressible three-hinge mechanism. This schematic shows the five parameters (L, L1, L2, L3 and L4) that dictate the behavior of the compressible three-hinge mechanism used in the microgripper. The solid lines illustrating links L1 to L4 indicate non-compressible lengths, whereas the dashed black line (L) indicates a compressible length. The length L41 represents the difference between the lengths of links L4 and L1 (i.e., L41 = L4 – L1). Three flexure hinges are also illustrated with circles. To investigate the effects of changing these parameters in the general case, all parameters are normalized with respect to L. The normalized values are denoted R, R1, R2, R3, R4, R41. Links shown in red represent the key variables investigated in the parameter sweep described in Supplementary note 1.
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Figure S2. Parameter sweep for compressible three-hinge mechanism. R2 and R3 are varied over the ranges 0.2-0.6 and 0.6-1.0 respectively. The resulting surface plots are given for the 10 permutations of R41 equal to [‑0.3, -0.2, 0.0, 0.2, 0.3] and compressions (ΔR) equal to [5%, 10%]. The combination of low R2 and R3 link lengths are not plotted as these correspond to unfeasible gripper configurations (i.e., R2 + R3 < R). (A) Surface plots for Δθ34 and Δθ23. The red and green dots correspond to Δθ34 and Δθ23, respectively, for the chosen R2 = 0.8 and R3 = 0.3 values. (B) Surface plots for the absolute values of (Δθ23 - Δθ34). The colormaps range from 0 to the maximum value of (Δθ23 - Δθ34) for each individual subplot. The blue dots correspond to the value of (Δθ23 - Δθ34) for the chosen R2 = 0.8 and R3 = 0.3 values.
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Figure S3. Full compression of microgripper. This gripper has the parameter R41 set to 0. (A) Gripper uncompressed and compressed to a finger deflection of 10.4°. At this level of compression, the three-hinge mechanism maintains its convex pentagon shape. (B) Gripper compressed to point of inflection between a convex and concave pentagon. In this case, the point of inflection occurs when the gripper fingers are deflected to approximately 21.4°. (C) The gripper is highly compressed resulting in finger deflection angles of 33.2° and 48.1°. The compressible three-hinge mechanism is now concave. With a finger deflection of 48.1° the springs can also be seen to be fully compressed.
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Figure S4. Comparison of displacement, strain and stress diagrams for similar C- and straight-hinged grippers. Images compare the displacement (top row), stress (middle row) and strain (bottom row) for C-shaped (A) and straight hinges (B, C) under load. The purpose of this analysis is to compare the stresses and strains found in the C-shaped hinge gripper to the straight hinge gripper. A single color map is applied to the figures across each row (with the overall maximum values derived from (B)) so that the results are directly comparable. The structure material is modelled as a plastic with a Young’s modulus of 2 GPa, which is close to the that of IP-Dip as quoted in the literature and also measured experimentally in the lab. (A) shows the displacement, stress and strain results for a C-shaped hinge under 100 µN of force. This results in a displacement of 9.25 µm and a change in the gripper angles of 28°. (B) shows that the same displacement can be achieved by applying double the load used in (A) – 200 µN. A higher gripping angle is achieved, at 32°, however higher stresses and strains are clearly visible at the hinges of the straight hinged gripper in comparison to those of the C-shaped with the same overall displacement. (C) shows that the same gripper angle can be achieved as in (A) with a higher load of 170 µN, resulting in a slightly smaller compression of 7.1 µm. Once again, the stresses in the hinges are larger than in (A), but smaller that in (B). These simulations show that, for a given change in both angle of the fingers (for gripping) and axial displacement (for force sensing), the stresses and strains are reduced in the C-shaped hinge design. Overall this analysis also confirms that, as expected, the maximum stresses for a given design are found in the hinge connecting L2 and L3 because this hinge undergoes the largest change in angle.


Figure S5. Gripper fabrication considerations. The maximum printing height between the optical fiber and glass slide that can be achieved is, ideally, 170 µm. This figure shows the breakdown of the 4 main regions that need to be considered for the proposed gripper when printing in the 2PP system. These regions include the main sensing and grasping sections of the gripper plus clearances that were taken into account during the design process. In practice, in order to account for manual fiber alignment inaccuracies, a maximum structure height of 100 µm was chosen (see Supplementary note 1).
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Figure S6. Fabrication of microgripper on the optical fiber tip. (A) A 3D-printed mount is used to hold the optical fiber length in a vertical orientation and to maintain a gap between the fiber tip and the glass substrate of < 170 µm. A 30 cm length of single mode optical fiber is shown here wrapped around the holder. (B) A top-down view of the fiber-holder placed inside the commercial 2PP system. The use of the custom fiber holder means that the system hardware does not need to be modified in order to print on a length of fiber. (C) After printing, the fiber is inspected. This method of fabrication yields a very high success rate provided that the fiber is well aligned.
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Figure S7. Schematic of the optical setup used for force sensor readout. SL – supercontinuum laser, S – spectrometer, L1 – collimating lens, ND – variable neutral density filter,  BS – 50/50 beamsplitter, P – linear polarizer, WP – quarter waveplate, L2 – 10x microscope objective, SMF – single mode fiber, L3 – focusing lens.
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Figure S8. Series of microscope images and corresponding cropped spectral readings for different compressions and sensor-to-gripper distances. All microscope images are taken at 168x magnification, and spectra are cropped to 520-815 nm. (A) Gripper approaching commercial force sensor with spectrum shown below. (B) Gripper very close to, but not touching, the commercial force sensor. The graph shows spectrum from (A) in grey and the current spectrum in black. From this graph it can be seen that the spectra for both (A) and (B) perfectly overlap. These virtually identical spectra demonstrate that the sensor is not sensitive to proximity to other objects (i.e., other external reflections) and only deformation to the gripper causes detectable spectral changes. (C) The gripper is fully closed around the commercial force sensor. The graph shows the spectrum from (A) in grey and the current spectrum in black. Unlike the spectrum shown in position (B), the difference between the two spectra is clearly visible.
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Figure S9. Optical microscope setup for sensor calibration and validation. (A) Side-view and (B) top-down view of micromanipulators. Manipulator 1 holds the commercial force sensor and manipulator 2 holds the optical fiber in a horizontal orientation, both using custom-printed adaptors. (C) Microscope and PC, showing a live view of the reference force sensor and the microgripper during operation.
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Figure S10. Five sets of corresponding compression-decompression readings for calibration. (A) Force and (B) spectral readings for five consecutive compression-decompression cycles. In this example, the maximum calibration force was set to 30 µN. In both graphs, black corresponds to 0 µN and red to the peak applied force. Intermediate data points are plotted using a linearly interpolated color between black and red.
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Figure S11. Spectrally predicted and ground truth force values from open- and closed-loop validation experiments, plotted as functions of time. These figures demonstrate (in addition to the results shown in Figure 5) further examples of the real-time force measurements provided by the trained neural network after calibration. The three examples shown are taken from different experiments, and the differences in the average errors are reflective of different performances observed during the ANN training. (A) Open-loop validation showing the known applied force (black line) and the spectrally predicted force (red line) with an average error of just under 1 µN. (B) Closed-loop validation experiment showing the ground truth force (black) and the spectrally predicted force (red) with an average error of 0.6 µN. (C) A combination of open- and closed-loop validation showing the ground truth (black) and spectrally predicted (red) forces with an average error of 0.7 µN.
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Figure S12. Repeat demonstration of micromanipulation with real-time force feedback using two identical microgrippers. (A-G) 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 red dotted lines indicate the initial position of the ellipsoid, and the applied force value is shown in each image (as measured by the optical sensor in the gripper on the right of the images, which was calibrated prior to use). Scale bar shown in (A) is 100 µm. (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).










Figure S13. Demonstration of micromanipulation using a microgripper in conjunction with a solid, non-compliant tool. (A-H) Optical microscope images showing the use of a microgripper in conjunction with a solid, non-compliant tool to grasp, move and then release a solid ellipsoidal object with dimensions of 40x40x60 µm. The red dotted lines indicate the initial position of the grippers and ellipsoid. In this case, an uncalibrated gripper was used for the manipulation task, therefore, no force measurements are shown. After release of the ellipsoid, the pillar-ellipsoid assembly is observed to fall onto its side, indicating that the connection between the slide and the pillar was completely broken in this experiment. Scale bar shown in (A) is 100 µm.





Figure S14. Demonstration of micromanipulation using a microgripper in conjunction with a compliant, spring-based tool. (A-H) Optical microscope images showing the use of a microgripper in conjunction with a compliant, spring-based tool to grasp, move and then release a solid ellipsoidal object with dimensions of 40x40x60 µm. The red dotted lines indicate the initial position of the grippers and ellipsoid. An uncalibrated gripper was used for the manipulation task, therefore, no force measurements are shown. Scale bar shown in (A) is 100 µm.




Supplementary Note S1 – Gripper design parameter optimization
For practical microgripper design, there were two main size constraints to consider before the optimization of the compressible three-hinge mechanism dimensions could be performed: 1) the target object was a sphere with a 50 µm diameter; 2) the 2PP system’s printing configuration imposed certain length restrictions on the maximum height of the printable structure (Figure S5).
A non-conventional printing configuration, which involved having a glass slide between the optical fiber and the objective lens (Figure 2B), posed the least risk to the objective lens as it prevented the possibility of scratching the lens with the fiber. Ideally, given the focal length of the microscope objective (which focuses light through the glass slide into the photoresist), the 2PP system can print up to 170 µm above the glass-resist interface. However, in order to facilitate a faster and consistently repeatable manual fiber alignment step, a margin of error / printing allowance had to be taken into account. Therefore, a maximum allowable printing height less than 170 µm was chosen and this was then used to determine how tall each section of the gripper would be. Firstly, during the alignment procedure, the measured distance between the feet of the mount (Figure S6C) and the fiber face was prone to a degree of error in the range of ~20 µm. Secondly, and most importantly, achieving the ideal maximum spacing of exactly 170 µm proved highly challenging when performed manually – in practice it was faster and more repeatable to allow a range of gaps from 120-170 µm. This was usually achievable within 3-4 adjustments of the fiber, checking and measuring after each adjustment under the optical microscope. Thirdly, the interface between the fiber and the 2PP photoresist was located manually, which introduced another degree of uncertainty in the range of ~5 µm. Therefore, a 10 µm-thick base was included in the structure in order to ensure that the section overlapping with the fiber did not contain critical elements of the design (i.e., the hinges or springs near the base). Finally, some clearance between the tip of the gripper and the glass slide was required such that any relative movement between the fiber and the glass slide that occurred during the removal of the fiber holder from the 2PP system did not cause damage to the printed structure. In this manner, dozens of grippers were fabricated with very low failure rates during the experimental phase of this work. 
As a result of the above considerations, the height of the active portion of the force sensing region of the gripper – the free length of the spring – was limited to 50 µm. The final gripper height was 95 µm, with the fiber overlap region measuring 10 µm, the force sensing region 55 µm (50 µm of active spring length plus a 5 µm upper plate), and the grasping region approximately 30 µm. This left a gripper-glass clearance of 5 µm, assuming a minimum printing range of 100 µm. These four regions are illustrated in Figure S5.
Once the height of the force sensing region had been determined, the dimensions of the compressible three-hinge mechanism could be examined. The 50 µm compressible spring length corresponded directly to length L, as labelled in Figure S1. Also shown in this figure is the angle θ34, which corresponded to the angle between link lengths L3 and L4. In addition, the change in this angle, Δθ34, corresponded directly to the angle of bend of the gripper fingers. The other relevant parameters (link lengths and hinge angles) of the general compressible three-hinge mechanism are also labelled in Figure S1. Lengths L and L1 were fixed perpendicular to one another, as were lengths L and L4. The two remaining angles that varied in response to compression (i.e., in response to changes in the length L) were θ12 and θ23. The other variable parameters that affected the degree to which θ12, θ23 and θ34 changed for a given compression were L2, L3, and the difference between L1 and L4 (L41 = L4 – L1). In the general case, all link lengths were normalized with respect to L (Figure S1) and the corresponding normalized parameters are denoted R, R1-R4 and R41.
When designing and optimising the compressible three-hinge mechanism of the force-sensitive gripper, three key factors were taken into account. Firstly, a large gripping angle (i.e., Δθ34) for a given compression was desired. (It is interesting to note here that certain parameter combinations can result in virtually no change in the gripping angle in response to compression). Secondly, it was also desirable to distribute unwanted excessive stresses in all hinges for a given Δθ34. It was quickly established that Δθ34 was greater than Δθ12 when R2 was greater than R3, and so the stresses in the hinge at θ12 were negligible compared to the hinges associated with θ23 and θ34. Furthermore, in the majority of cases, Δθ23 was greater than Δθ34 which implied that the strain in this hinge was the highest. Keeping the difference between these two angles (i.e., Δθ23 – Δθ34) low helped to reduce excessive stresses, which may lead to plastic deformation, in the hinges. Thirdly and finally, it was also desirable that the rate of change of the gripper angle with respect to compression () was not too high, as a higher rate of change implied a lower force measurement sensitivity (because larger compressions produced more pronounced changes in the spectral data used for force sensing).
To address the above considerations, a parameter sweep was undertaken. Since it was not possible to fully optimize for all of these requirements, an empirical analysis was conducted and a range of values were chosen based on the trade-offs considered. Since only values of R2 greater than R3 were considered, this halved the required parameter sweep. Therefore, normalized values of R2 and R3 were investigated in the ranges 0.6-1.0 and 0.2-0.6 respectively. The general trends that were observed are summarized in Figure S2 and discussed below. The chosen length parameters for the grippers presented in this paper are summarized in Table S1.

	L(µm)
	L1 (µm)
	L2 (µm)
	L41 (µm)
	L3 (µm)
	L4 (µm)

	50 
	30
	40
	10 
	15
	40


Table S1. Chosen dimensions for the gripper three-hinge mechanism which comprises four rigid links and one variable / compressible link length.
	
Varying R2 and R3: Figure S2A shows the resulting surface plots of Δθ23 and Δθ34 with respect to R2 and R3, for a selected combination of compression and R41 values. The same general behavior is observed on each R2 vs. R3 vs. Δθ23/Δθ34 plot: a combination of large values of R2 and R3 result in little change in θ23 or θ34 for a given compression; a combination of small values of R2 and R3 result in unfeasible gripper configurations (i.e., R2 + R3 < R); and the combination of a large value of R2 plus a smaller value of R3 results in larger gripper angle changes. Figure S2B shows the resulting surface plots for (Δθ23 – Δθ34). In order to address the concerns outlined above, a large relative value of R2 equal to 0.8 and small relative value of R3 equal to 0.3 were chosen.
Varying R41: In general, for a given compression and for given R2 and R3 values, both Δθ23 and Δθ34 increase as the magnitude of R41 increases (Figure S2A). The same trend is observed for the difference between the two angles (i.e., Δθ23 – Δθ34), as shown in Figure S2B. As mentioned previously, the larger the difference between Δθ23 and Δθ34, the larger the strain that the hinge at θ23 experiences for a given Δθ34. In general, a negative value of R41 results in a slightly lower (Δθ23 – Δθ34) compared to the positive equivalent. When R41 is negative, the hinge at θ34 also ‘inverts’ at a lower compression (Figure S3C). Thus, a positive value of R41 was chosen in order to increase slightly the number of compression steps that could be carried out before the gripper fingers closed around the 50 µm sphere (hence improving the force measurement sensitivity relative to the configuration with a negative R41 value). In the experiments conducted for this work, R41 was set to 0.2.
In addition to the empirical optimization discussed above, both straight and C-shaped hinges were considered and tested (Movies S1-2, Figure S4). C-shaped hinges were chosen for the final design due to their ability to reduce stresses and strains for a given compression or gripping angle. This is illustrated in Figure S4.





Supplementary Note S2 – Spectral background suppression using a quarter waveplate and a linear polarizer
In the optical system used to address the fiber-optic force sensor (Figure S7), the supercontinuum light source was fiber-delivered and, as such, its output was unpolarized. The polarizer and quarter waveplate used in the optical system were set up with the fast axis of the waveplate positioned at an angle of 45° to the polarizer. Thus, after transmission through this assembly, the light that was coupled into the optical fiber was circularly polarized. This had no effect on the performance of the force sensor but acted to minimize the background observed in the spectra, as it suppressed the light that was directly reflected from the input face of the fiber. This directly reflected light remained circularly polarized but had its handedness reversed relative to that of the input light. Thus, the second pass through the quarter waveplate generated linearly polarized light that had been rotated by an angle of 90°. This light was subsequently blocked by the polarizer and did not reach the spectrometer. Conversely, the light that was coupled into the fiber and addressed the sensor had a random polarization when it reached the waveplate-polarizer assembly (due to the transmission through the fiber) and, hence, was able to pass through the polarizer and reach the detector. Thus, the waveplate and polarizer acted to increase the dynamic range of the peaks and troughs in the detected spectra. This considerably improved the sensitivity of the force sensor, allowing force measurements to be made in real time and with low laser powers.



Supplementary Note S3 – Optimization of neural network training parameters
The FANN library offers four training algorithms: batch, incremental, propagation and quick propagation. Each of these training algorithms have a number of training parameters, which can be set prior to training, including the hidden activation function, the output activation function, the number of hidden layers, the number of hidden neurons, the learning rate, etc. Some parameters are algorithm specific. In order to find the best combination of settings for the ANN training, a finite parameter sweep was conducted by training ANNs with the same sample calibration dataset using 16,200 permutations and then testing the trained networks on a similar but ‘unseen’ dataset. Many combinations failed to produce results, and the combinations that worked resulted in accuracies over a wide range. Below is a brief summary of the general patterns that were observed using typical training data from the force sensor presented in this work.
	Training algorithm: Overall, it was found that the incremental and propagation algorithms performed similarly well, with the incremental algorithm producing marginally better results. The R-propagation produced outputs which roughly followed the desired values but had a large spread. Finally, the batch training algorithm produced very poor results. 
	Hidden and output activation functions: In general, the best performing hidden activation functions were sigmoid, sigmoid symmetric and Elliot functions. Elliot and sigmoid symmetric produced the best results for the output activation function. Other combinations of activation function performed poorly.
	Number of hidden layers, number of hidden neurons and training epochs: A range of different numbers of hidden neurons was tested, and it was found that there was little benefit in exceeding ~50 hidden neurons. Adding extra neurons above this point increased the training time without providing improvements in performance. Similarly, 3 layers (i.e., input, output and one hidden layer) produced a sufficiently good training output compared to higher numbers of layers. The number of training epochs, as with the number of hidden neurons, greatly affected the training time. At around 100 epochs, the mean squared error calculated during the training began to level off, and so this was chosen as the maximum.
	As a result of the ANN optimization protocol, the following ANN training parameters were chosen: training algorithm – incremental; number of layers – 3 (i.e., 1 hidden layer); number of hidden neurons – 50; incremental learning rate – 0.5; learning momentum – 0.5; maximum learning epochs – 100; hidden activation function – Elliot; output activation function – Elliot symmetric. Additionally, all data was scaled between -1 and 1 prior to training and testing, and the output rescaled.
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