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Abstract

:

Computed tomography (CT) with hard X-rays is a mature technique that is in regular use to depict the interior of opaque specimens with spatial resolutions up to the micrometre range (microtomography or µCT). Short acquisition times and sophisticated contrast modes are accessible when synchrotron light sources are combined with microtomography—SR-µCT. Both features render SR-µCT as excellent probe to study delicate samples in situ, for example under mechanical load by deploying corresponding sample environments. The so-called TomoPress is such a device available within the public user programme of tomography beamline ID19 of the European Synchrotron Radiation Facility (ESRF). It allows one to study samples under high axial load (up to 500 N) with high spatial resolution up to the micrometer range. Different gauges are installed to allow online monitoring of the applied force. Constant humidity, temperature and wetting are routinely available as well. The article shall outline basic design principles of the press as well as parameters for its utilisation in a descriptive manner. Selected examples underline the potential of the device for such diverse fields as biomedical research, life sciences and materials research.
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1. Introduction


So-called third generation synchrotron light sources with their bending magnet as well as insertion device beamlines offer an outstandingly high photon flux density [1]. For X-ray imaging, this offers the unique opportunity to work with a reduced bandwidth of the impinging radiation which increases the contrast. High photon flux also means short acquisition times which is crucial for time-resolved studies. Technically, exposure times down to the nanosecond range have been successfully used [2]. Furthermore, an extended distance to the source of up to several hundred meters allows for suppressing the influence of the finite source size on the image formation. Consequently, more sophisticated contrast modes like X-ray phase contrast become accessible [3]. Contrary to laboratory-based sources where X-ray imaging was the first technique ever used, the development of X-ray imaging with synchrotron sources began rather late in the 1980s when indirect X-ray detectors with high spatial resolution started to become routinely available [4]. Nowadays, hard X-ray beamlines which offer (full-field) imaging techniques within their portfolio are operating around the globe—for example the tomography beamline 8.3.2 at the Advanced Light Source (USA) [5], beamline 2-BM at the Advanced Photon Source (USA) [6], TopoTomo at ANKA (Germany) [7], the Imaging and Medical Beamline at the Australian Synchrotron [8], the BAMline at BESSY-II (Germany) [9], JEEP and I13 at Diamond Light Source (UK) [10,11], SYRMEP at Elettra (Italy) [12], X-ray imaging beamline at INDUS-2 (India) [13], IBL at PETRA3 (Germany) [14], tomocat at SLS (Switzerland) [15], ANATOMIX and PSICHÉ at Soleil (France) [16,17], BL47XU at SPRing8 (Japan) [18] or the future BEATS beamline at SESAME light source (Jordan) [19]. A more detailed overview is available by Rack et al. [20], as well as a general introduction on how to access synchrotron light sources by J. McCarthy [21]. Synchrotron radiation in combination with microtomography (SR-µCT) has already proven to be excellently suited to study dynamics inside specimens in three-dimensions and with high contrast [22,23,24]. Frequently, this is used to study samples under temperature changes, external mechanical forces or magnetic fields [25]. Commonly, highly specialised equipment is required in order to target one specific type of investigation. Selected highlights available in the literature are for example the study of dental implants under periodic load (chewing simulator) [26], tensile fatigue tests with tomographic acquisition rates of up to 20 Hz [27] or dedicated rigs to create conditions similar to those subsurface or at 10 km depth inside the earth crust (pressure, temperature and flow) [28,29]. This article sets its focus on axial load (up to 500 N) and high spatial resolution in the range of a few micrometer or less. Common studies within this parameter space cover deformation and crack propagation in (engineering) materials (e.g., aluminium alloys, fibre-reinforced materials) or bio- and biomedical materials (e.g., micromechanics in bone or insects) [22,23].



A proto-type of the TomoPress described in this article has been introduced by Bleuet et al. [30]—a press mainly developed to study (fracture in) bone at the tomography station of the former microscopy beamline ID22 of the ESRF [31,32]. As already mentioned above, frequently equipment is highly specialised for a specific scientific application—in case of the TomoPress it is the high spatial resolution, that is, restrictions are considered such as to consider axial loading of the sample only. The TomoPress is available for user experiments at microtomography beamline ID19 of the ESRF [33].




2. Method


The layout and principle mode of operation of the TomoPress is sketched in Figure 1 while photos of selected configurations can be found in Figure 2. As already outlined in the introduction—being able to target a specific scientific question frequently requires highly specialised equipment. Here, the focus is put on axial load, that is, other means of mechanical testing such as torque or bending are not or at best only partially considered. As can be seen from the sketch, the TomoPress utilises a horizontal axis of rotation which is rather unusual: the original installation considered beamline ID22 located at a high-beta section of the ESRF storage ring with a corresponding large horizontal source size [31,32]. Here, in order to exploit the best coherence properties it was therefore beneficial to align the tomographic axis of rotation such that the (smaller) vertical source size dominates the contrast in-plane (axial) of the tomographic data set [34].



Despite targeting on axial loads only, several challenges have to be met for the design of such a press, namely, very low eccentricity and wobble for precise rotation (i.e., during tomographic acquisition) together with a tomographic axis which can glide in order to apply the external force. As can be seen from Figure 1, the design of the TomoPress is based on a single axis driven by a stepper motor which is connected to the two axes in charge of fixing and rotation of the sample via precise gear wheels. The gliding “axis II” (realised by high-precision ball bearings, not shown) is in touch with a micrometer screw which is driven by a stepper motor in order to apply the load, that is, the TomoPress can only load the sample, traction is not possible. Furthermore, the head of “axis II” contains a piezo element (type: p-series, Physik Instrumente (PI), Germany) in order to apply fast loads to the specimen with minor forces of up to 50 N. Such an option might be desirable in order to stimulate fatigue changes by applying fast loading cycles on top of the main load between consecutive scans. The “axis I” is commonly fixed but can be slightly manually shifted to allow for a precise sample mounting. The standard sample holders have a flat surface, that is, the sample is clamped (cf. Figure 2b). The holders are exchangeable, frequently they are custom-made for the specific scientific question (cf. for example Figure 2c). The eccentricity of the tomographic rotation has been estimated to be around 1 µm. The complete system is installed on a robust base plate which can be attached for example to standard goniometer elements in order to align the TomoPress with respect to the incoming beam and detector, cf. Figure 2. Commonly, at beamline ID19 the so-called HRtomo installation is used to host the press which offers a large flexibility in terms of detector installations and alignment procedures [35]. Specifications of the TomoPress are summarised in Table 1.



For detectors which do not fit in the aperture of the TomoPress where the sample is located (approximately 10 cm × 10 cm), the minimal propagation distance is limited to approximately 20 mm (ESRF beamlines frequently utilise indirect detector systems by the company OptiquePeter (Lentilly, France) [36]). Considering the rather large minimal propagation distance between sample and detector, edge-enhancement by means of X-ray phase contrast is frequently dominating the contrast [3]. Hence, applying single-distance phase retrieval techniques is the method of choice in order to achieve high sensitivity as well as a grey-scale distribution which is directly related to the local density of the specimen [37,38].



Different options are available to condition and monitor the sample between or during tomographic acquisition. As can be seen in Figure 1 and Figure 2—above the sample a syringe is placed. The latter is connected to a Applicateur-Doseur Ultra 1400 (Dosage 2000, Bougival, France) which is remote-controlled via a serial line. It allows for wetting the sample during or between scans. Once the central frame of the TomoPress which contains the sample is sealed with foils, cf. Figure 2b, a small local water tank can help to maintain constant humidity. Infrared lamps were successfully applied to keep specimens at constant (warm) temperature during experiments. A force sensor in the head of the clamp mount of “axis I” (type: XFL 212 by GS Sensor, France, read by a PHACABS, FGP Instrumentation, France) allows one for online monitoring of the applied load for up to 500 N (via a serial line). For more precise measurements, displacement sensors can be installed (Millimar C 1216 by Mahr, France), cf. Figure 2c.




3. Applications


This paragraph outlines the potential of the TomoPress along a few selected examples, namely tomographic studies of rat bone, wood and cartilage (all under axial load). Besides the examples shown here, the reader might refer to literature for studies on the mechanical behaviour of scaffolds under load as well spiders and their filter for vibrations and primate molar teeth [39,40,41].



3.1. Micromechanical Response of Bio-Regenerated Rat Bone


In modern dentistry the use of oral implants has become a common treatment to replace missing or lost teeth. But, bone resorption after tooth extraction frequently requires extensive bone regeneration before implants can be placed. Due to their ability to stimulate bone formation and to bond to bone resorbable bioactive ceramics are excellent bone substitute materials. This has led to their wide clinical use in both orthopaedics as well as dentistry—clinically bioactive ceramics are frequently used as bone substitute materials in the form of granules or blocks for bone grafting [42,43]. Bioactive ceramics are also excellent biomaterials for generating scaffolds for bone tissue engineering which can be used to reconstruct large segmental bone defects using adequate bone tissue engineering approaches. The latter combine scaffolds with mesenchymal stem cells and mircrovascular techniques, in order to facilitate adequate vascularization in segmental defects larger than 6 cm in width. Due to the rapid progress achieved in 3D printing technologies combining 3D printing with the patient’s computed tomography (CT) data allows fabricating scaffolds which exactly match the patient’s bony defect. The TomoPress is excellently suited to shed light on the mechanical properties of bone regenerated by using bone tissue engineering approaches. In this example we examined bioregenerated rat bone, that is, bone that was harvested from a large segmental defect in the rat femur which was regenerated using a tissue engineered synthetic bone graft—a 3D printed scaffold that contained homogenously distributed osteoblasts and mineralizing bone matrix upon implantation after seven days of in vitro perfusion cell culture prior to implantation [44].



Among the different techniques to reconstruct localized bony defects, the concept of so-called guided bone regeneration (GBR) is a predictable and well documented surgical approach. Here, frequently by implanting bio-degradable bioactive ceramics the local bone formation and regeneration is supported and even stimulated [43]. Novel bioceramics based on calcium orthophosphate with different levels of porosity have been developed recently, exhibiting an increased degradability compared to commercially existing tri-calcium phosphates [42]. They also can be used for fabricating scaffolds by 3D printing which combined with stem cells and an arteriovenous bundle are well-suited for the reconstruction of large segmental bone defects resulting from trauma or tumor surgery. In order to evaluate the suitability of these novel scaffolds and bone tissue engineering approach an animal study was performed: these scaffolds after being colonized with stem cells were implanted in large segmental defects in the rat femur in combination with an arteriovenous bundle which was created using a microvascular surgical technique. In order to shed light on the complex bioregeneration of this type of major bone defect non-destructively in three dimensions and due to its excellent density resolution, synchrotron microtomography (SR-µCT) has been frequently applied to study samples from these bioregenerated femurs (3 and 6 months after implantation using bone tissue engineering) [20]. Advancing research by employing SR-µCT in situ studies of bioregenerated bone under axial load offers the unique opportunity to access information about its micro-mechanical properties as well as elasticity, especially for the case when large segmental discontinuity bone defects are studied—for example, with respect to density variations and variations in osseous microarchitecture which lead to cracks under load [30,45].



As an example of this cutting-edge application, a rat bone sample from a segmental femoral defect which was regenerated using the tissue engineering approach outlined above was chosen. The sample was harvested 6 months after implantation of a 3D printed bioceramic scaffold colonized with cells in combination with an arteriovenous bundle into an artificially created 6 mm segmental discontinuity bony defect in the rat femur. Due to the rather long time after the implantation, the bioceramic scaffold can be expected to have largely resorbed and to have been replaced by newly formed bone. Hence, mature bone, which has been widely remodeled into the original osseous microarchitecture of the long bone is expected to be present in the specimen [20]. The sample was kept in a cold environment after harvesting, that is, it was shipped on dry ice to the ESRF for the experiment. Once mounted into the TomoPress, a commercial infrared lamp was used to keep the sample at a constant warm temperature. The TomoPress was mounted as shown in Figure 2a—capton windows sealed the sample chamber, a small water tank was inserted in order to maintain a rather high local humidity. In order to prevent the specimen from drying the wetting mechanism of the TomoPress was deployed by rinsing the bone with (destilled) water droplets between consecutive scans.



For the tomographic scans, a comparable high photon energy of 35 keV was chosen in order to minimize radiation damage to the wet sample while still maintaining sufficient contrast to see for example density changes. In order to reach sufficient photon flux density, beamline ID19 was operated in a pink-beam configuration: a so-called single-harmonic undulator (type u17.6, gap 15 mm) was chosen. Filters in the X-ray optical beam path (2 × 2.8 mm Al and 0.14 mm Cu) suppressed the fundamental harmonic: the remaining spectrum has a broad peak around 35 keV photon energy which is sufficiently intense for phase contrast X-ray imaging. As indirect high-resolution X-ray imaging detector a so-called revolver microscope was used (OptiquePeter, Lentilly, France) [36]. An Olympus 4× objective (0.16 NA) combined with an 2× eye-piece projects with 8× magnification the luminescence image of a 47 µm-thick GGG:Eu scintillator (Eu-doped Gd    3   Ga    5   O    12    grown on top of an undoped GGG substrate) onto the sensor of a CCD camera (type: FReLoN e2v, 2048 × 2048 pixels, 15 µm pixel size) [46]. The effective pixel size of the detector is 1.85 µm. According to the chosen photon energy and pixel size, a propagation distance between sample and detector of 250 mm was used to benefit from increased sensitivity by means of X-ray phase contrast. Due to the rather slow rotation motor the TomoPress was operated in step-by-step acquisition mode (instead of continuous rotation which is nowadays the routine operation for tomographic acquisition at synchrotron light sources): 1500 projections covering 180 degree angular range were acquired (total scan time approximately 1 h). Tomographic reconstruction using standard filtered back projection was carried out using the ESRF inhouse developed software PyHST [47]. Prior to reconstruction single-distance phase retrieval was applied to the projection data in order to further boost the contrast [37]. A challenge faced during data acquisition is the fact that the sample cannot be removed for acquiring flat field images (beam background without sample). Therefore, only the mean over all projections could be used for normalisation [48]. The imperfect background correction leads to cupping-like artifacts in the final reconstructed slides. Between tomograhpic scans, the force motor was moved in equi-distant steps in order to apply load to the sample. The (nominal) applied force was measured using the force sensor in the head of “axis I”.



Example slices from a force series are depicted in Figure 3. The still intact sample already under a load of 45.5 N is shown in Figure 3a. The mature bone is clearly visible as well as soft tissue in the interior, that is, medullary canal of the long bone, and the already mentioned artifacts. Already in the following two force steps, 68.7 N and 85.8 N, severe cracks occur while the complete sample still stands the load, that is, the applied force is not decreasing. The following force step shows that substantial regions of the sample are already shattered which partially can explain the constant nominal force value measured which might be related to re-arrangements inside the broken bone pieces. The pre-final force step sees all region of the bone populated with cracks before in the final step the complete sample is damaged, that is, the measured force drops to almost zero.




3.2. Crack Propagation: The Case of Wood


Engineered wood components are wide spread, that is, wood is among the most widely used structural materials in the world. Failure of wood constructions is frequently related to fatigue—An accumulation of irreversible damages inside the material. This complex behaviour for the case of wood is still not well understood. As an example application of the TomoPress in the fields of materials research studying the fracture of wood is described in this section. It is a well-known fact that the structure of wood sufficiently changes when a substantial load is applied [49]. Depending on a wide range of loading conditions, these changes can reveal in different forms. The term “fracture” for example is used when modifications lead to new surfaces and broken bonds. The term “fracture” describes the fact that the material can not carry load anymore. Fracture can propagate slow with minor increments or fast and catastrophic, depending on the loading conditions. Failure can result from many mechanism of which fracture is not a mandatory condition. Vice versa fracture does also not automatically lead to failure. Wood establishes a specific structure during the growth of a tree. Consequently, fracture and failure strongly depend on the orientation of load with respect to the axis of growth. In the literature frequently six different fracture orientations relative to the growth orientation are defined. For each different orientation the various crack modes have to be considered and hence, leading to a substantial amount of fracture cases to be considered. As a consequence for example up to now there is no standard method established which could be used to measure fracture toughness [49]. Here the TomoPress offers unique capabilities to correlate wood properties with for example the morphology of fracture. Due to its in situ capabilities, the TomoPress would even allow one to study failure of wood under different environmental conditions such as moisture changes which can substantially alter the plant cell wall structure [50].



The experiment was again carried out on beamline ID19 (ESRF). For the sake of a simple sample preparation a small piece of wood was harvested from a plain tooth pick which perfectly fits in the field of view for high-resolution microtomography. In order to have a balance between contrast as well as dose to the sample a photon energy of 26.1 keV was chosen. Beamline ID19 was operated again in a pink configuration to reach sufficient high photon flux density for short exposure times: the radiation emitted by a so-called single-harmonic undulator (type: u13, gap 11.5 mm) was only filtered by a 1 mm-thick diamond absorber as well as 1.4 mm Al (to suppress softer parts of the emitted spectrum) and the mandatory 0.5 mm-thick Be exit window. The X-ray image detector is exactly the same as in the previous section: an indirect system consisting of scintillator, visible light optics and CCD camera, operating with an effective pixel size of 1.85 µm. According to the pixel size and photon energy chosen a propagation distance between sample and detector of 350 mm was set in order to benefit from propagation-based phase-enhanced edge contrast. One thousand projection images were recorded over a 180 degree angular range. No phase-retrieval was applied before tomographic reconstructions.



Images from the force series applied until a crack occurred in the sample are shown in Figure 4. For each tomographic slice a corresponding radiographic projection image from the corresponding data set is shown as well. The still intact sample already under load can be seen in Figure 4a. The high resolution reached with the TomoPress allows to depict fine details inside the specimen even under an external load of nominal 57.6 N. One force step further a crack starts to propagate through the sample, cf. Figure 4b. The nominal force is reduced to 52.7 N due to the release of stress. One more force step and the crack propagates through the complete sample, cf. Figure 4c, accordingly the measured force is further reduced.




3.3. Microstructure of Cartilage under Load


The mechanisms under which cartilage tissue reacts to load and how it relaxes are not well understood yet. Daily activities such as walking, running or sports expose the articular cartilage to stress and pressure. The biomechanical response of the tissue may strongly vary between healthy and pathological conditions. In order to shed light on these processes, experiments have been designed to image cartilage plugs extracted from human knee joints while applying different pressures to them with the TomoPress. Here, the use of phase-enhanced X-ray microtomography allows one to visualize in three dimensions the tissue’s morphological changes induced by the compression [51]. The objective of this work is to develop an experimental and analytical methodology to visualize and quantify the cartilage structure, cell distribution and the tissue mechanical behavior at rest and under load conditions. This protocol can be applied to healthy and degenerated tissue specimens as well. For a sound description of the sample preparation, further data processing and complete description of all experimental results the reader is referred to Reference [52].



For this study, series of samples were harvested from two human knees—thirteen plugs were drilled from the femur and patella cartilage. According to the regulations for experiments involving cadaveric samples, this study was waived by the ethics committee of the Ludwig-Maximilians-University, Munich, Germany. The required informed consent was obtained from the legally authorized/next of kin of the deceased prior to the extraction of the patella in accordance with the relevant guidelines and regulations by the forensic medicine department of the Ludwig-Maximilians-University, Munich, Germany including testing for infectious diseases. The osteochondral plugs had a diameter of about 7 mm and consisted of a cartilage part and a bone part. The sample later shown can be considered as healthy and origins from the femur cartilage (total length: 16.4 mm, cartilage thickness: 2.9 mm, bone thickness: 12.6 mm, plug diameter: 7.2 mm). Tomographic acquisition was again carried out at beamline ID19 (ESRF): a pink undulator type u13 with a photon energy of 26.1 keV delivered the required high photon flux density. Operating the beamline with minimal optical elements, that is, only attenuators (1 mm diamond, 0.7 mm aluminum) and a beryllium window (0.5 mm) ensures high sensitivity by means of X-ray phase contrast. In order to image the complete specimen, a medium resolution detector was chosen: two lenses (Hasselblad, focal length 300 mm and 100 mm) facing each other in tandem-like geometry project the luminescence image of a GGG:Eu (Eu-doped Gd    3   Ga    5   O    12   , 1000 µm thick) onto the sensor of the inhouse-developed CCD camera FReLoN (type: e2v) [53]. The corresponding effective pixel size of the indirect detector is 5.1 µm. According to the large pixel size a propagation distance of 5 m was realised to ensure high sensitivity. 2000 projection images over an angular range of 180 degree were acquired (0.2 s exposure time per image). Dedicated sample mounts were made fitting to the dimensions of the specimen. Additionally, samples were kept during the load series confined in a plexiglass cylinder with saline solution to avoid tissue dehydration. The cylinder supported mechanical stability of the sample when the force was applied, that is, prevented the sample from bending or lateral gliding. Tomographic reconstruction was carried out again by using the ESRF in-house developed software PyHST.



The resulting tomographic images consist of axial slices, which represent virtually the entire volume of a osteochondral plug. Using then the ImageJ software each volume image was resliced to obtain a sagittal view on the sample, which gives insights into the different cartilage layers. Close to the bone surface, the chondrocytes/chondrons are vertically aligned. Close to the cartilage surface, chondrocytes are horizontally aligned. The white (brighter) color in the following images represents material with high electron density, like bone, and the black parts have instead a low electron density. In Figure 5a, the cartilage is on bottom of the image, while the bone is above. The shown sagittal image correspond to a case in which no pressure is applied to the sample (sample at rest). The black dots within the cartilage are chondrons, that is, chondrocytes with peri-cellular matrix; the gray part is the interterritorial matrix. The superficial zone is not visible for this experiment as the top cartilage layer is in contact with the TomoPress. For all images in Figure 5, the contrast function is chosen such that the visibility of the soft tissue is maximised. As a consequence, the grey values for bone are partially saturated.



When no pressure is applied the cartilage matrix is very homogenous. This changes drastically when applying a force—the interterritorial matrix gets deformed, cf. tomographic slice of the osteochondral plug in Figure 5b. The compression is visible by the lateral enlargement of the cartilage tissue. The compression of the cartilage causes a reduction in height which is of 29% with respect to condition at 0 N (cartilage at rest) for the case 12 N load and of 53% (Figure 5b) for the case of 24 N load (Figure 5c). The lateral expansion of cartilage is comparable in both cases.





4. Summary


The loading device TomoPress, as described in this article, is available for experiments in the frame of the public user programme of beamline ID19 of the European Synchrotron Radiation Facility. The system allows for studying specimens with high spatial resolution and high contrast under axial load of up to 500 N. Several example experiments such as fracture in bone and wood or the dynamic response of cartilage under load have shown the huge potential of the TomoPress for in situ studies ranging from diverse scientific fields such as materials research to biomedical applications. Successful experiments using the TomoPress can also be found in the literature, for example, a study on the mechanical behaviour of scaffolds under load or spiders and their filter for vibrations and primate molar teeth [39,40,41].
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Figure 1. Open view sketch of the basic design of the TomoPress (cf. also Figure 2). The inset illustrates the principle idea—a single axis acts as master for the tomographic rotation. It is connected via precise gear wheels to the two axes which clamp and rotate the sample. One of them (“axis II”) is mounted in a gliding manner to allow for application of the external force while “axis I” is fixed during acquisition but can be released for sample mounting. An adaptor plate is used to mount the press onto standard alignment equipment. 
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Figure 2. The TomoPress in operation at beamline ID19 of the ESRF: (a) the complete system (cf. sketch in Figure 1)—the central frame with the sample has been sealed with Kapton windows (yellow) to maintain locally a constant humidity, above a syringe is visible to wet the sample between scans; (b) closeup showing the TomoPress equipped with standard clamps and a mounted sample (rat bone, cf. Section 3.1); (c) close up with sample mounts realised to study specimens under bending conditions (the mounted sample is a spider leg) [39], displacement sensors are visible as well. 
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Figure 3. Cross-sectional tomographic slices (axial) of a force series showing a bioregenerated rat bone sample acquired with the TomoPress: (nominal) force values given for each image were measured via the force sensor in the head of “axis I”. Crack propagation through the fresh sample is excellently visible (strong cupping artifacts in the centre of the image are present due to imperfect flat field correction). 
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Figure 4. Combination of radiographic images and corresponding tomographic slices (axial, see (a) for position of slice) of a force series showing a wood sample under axial load (the pusher is visible as well in the radiographs and the limit of the field-of-view in the lower left corner): Similar to Figure 3 (nominal) force values were measured via the force sensor in the head of “axis I”. 
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Figure 5. Sagittal views of an osteochondral plug under load: (a) cartilage plug without load, (b) cartilage plug with 12 N (medium) axial load and (c) cartilage plug with 24 N (maximum) axial load. 
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Table 1. Specifications of the TomoPress relevant for operation at beamline ID19 of the ESRF.
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	Specification
	





	dimensions L × W × H [mm]
	700 × 230 × 300



	minimum propagation distance [mm]
	20



	displacement sensor accuracy [µm]
	1



	eccentricity tomographic axis [µm]
	1



	force accuracy [N]
	0.5



	force range [N]
	0 to 500



	maximum sample diameter (utilised) [mm]
	8 × 8
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