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Abstract - The measurement of ground reaction forces in small arthropods has significantly advanced our
understanding of their locomotion and gait adaptations in various environments and behaviours. Accurate
measurements of moving small arthropods with bodies in the milligram range require precise instruments such
as a miniature force plate for accurate measurement. A miniature force plate is a miniature tread plate mounted
on a suspension structure, equipped with sensors to capture strain, and convert it into normal and lateral force
components. Inspired by Reinhardt and Blickhan (2014) this project was aimed to develop an instrumented,
modular arena to enhance the use of miniature force plates in arthropod bioassays and to adapt it to be applicable
to smaller arthropods than European red wood ant (Formica polyctena) as used in previous studies. Also, the
experimental setup is sought to be capable of capturing high-resolution images with millisecond precision,
synchronised with strain gauge data from the miniature force plate. The arena's narrow structure and removable
floor increased the likelihood of leg-plate contact during experiments and facilitates rapid bioassay setup. The
synchronised video and signal capture offer potential for advanced calibration methods in the future. The
developed arena successfully captured images of small arthropods interacting with the structure, provides detailed
top-down and side views of the insect anatomy which will be useful for future morphological studies. With the
current setup we show the potential to measure ground reaction forces in arthropods weighing milligrams,
providing potentially key insights into the biomechanics and motion of insects, critical for the design of bio-informed
micro-robotic systems.

5 INTRODUCTION

The study of insect locomotion and ground reaction forces (GRF) has been of significant interest to engineers and
biologists alike and has led to the creation of bioinspired robots with enhanced manoeuvrability over conventional
robots (Hernandez et al., 2024; Li et al., 2012; Montagut et al., 2024; Werfel et al., 2014; Xuan et al., 2023; Ortega-
Jimenez et al, 2023).

Measuring the GRF of insect legs facilitates the exploration of their locomotion patterns, including weight
distribution, propulsion, braking and changing direction, stabilisation and balance through varying environmental
conditions or situational context. Reinhardt et al. (2014) used 3D printed force plates, with three strain gauges
attached to measure triaxial ground GRF of ant footsteps to determine whether grounded running or climbing is
present (Reinhardt et al., 2009). The force plates measured in x-, y- and z- direction and were designed to work
in combination with video recordings captured forces generated from a single leg of a European wood ant
(Formica polyctena)). Through the measurement of GRF and tracking of the ant’s stance during locomotion, it
was discovered that ants use a ‘grounded running’ form of locomotion, characterised by whole body running
dynamics despite having no 6-leg-aerial-phases (clinging to the substrate), cf. Reinhard et al. (2014b). Oberst et
al. (2015) used laser vibrometers recording the bottom of veneer discs to characterize the walking signal of ants
through inverse deconvolution using nonlinear filtering and Tikhonov regularisation. Sugimoto et al., (2022)
measured the GRF of the take-off displacement from a force plate supported by four springs produced by a fruit
fly. Takahashi (2022) conducted a literature study of the different applications and types of MFP technology which
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has been implemented, comparing Reinhardt & Blickhan (2014) to various other equivalent experiments.
Fattoruso et al. (2022) proposes methods to improve the force plate strain gauge technology used in Reinhardt &
Blickhan (2014) for the measurement of insects less than 5 mg through different calibration and arena setups.
Following Oberst et al. (2015, 2017) and Fattoruso et al. (2022), Sepehrirahnama et al. (2023) designed and
numerically simulated via the finite element method a micro-force plate (MFP) theoretically able to measure forces
down to 1 uN.

To measure the ground reaction forces of small insects in the milli-newton range or smaller (Reinhardt et al.,
2014), sensors and materials or their combination with greater sensitivity and larger specific range than traditional
capacitance or piezoresistive force sensors have been developed (Shimazaki et al. 2022; Sugimoto et al. 2022).
Microelectromechanical Systems (MEMS) force sensors enable the measurement of these micro-Newton forces
by detecting voltage changes, thereby providing precise data on insect locomotion (Adam et al. 2024). Other than
that, conventional strain gauges supported with filigree, 3D printed parts and computer aided designs and
simulation can be used measure the (sub)milli-Newton range. The latter requires careful design and manufacture
as well as assembly and calibration, and tested, which is trialled here on a specimen of a meat ant (Iridomyrmex
purpureus) validating the design of Sepehrirahnama et al (2023) but in a modular arena and synchronised with
close-up video capture in two perspectives.

2. Design process

4.1 Miniature-force plate

We use an HP MultiJet powder-based 3D printer for the manufacturing of a miniature force plate, capable of
printing small, intricate components without the use of supports, therefore providing an advantage over resin-
based prints (Ngo et al., 2018). Powder based printing, a form of additive manufacturing, has drawn interest in
various fields due to its “unlimited design freedom, optimization, lightweight and customization” (Alarifi 2024). The
HP Printer available at UTS Tech Lab uses PA-12, a polymeric powder which shares (once set) similar mechanical
properties to Formlabs SLA resin, a previously proposed material for MFP prints (Sepehrirahnama et al, 2023).

Table 1 — Key Material Properties of PA-12 compared to Formlabs Resin

PA-12 Polymer

Parameter Formlabs Resin

Young’s modulus, £(GPa) 1.6-1.8 1.25
Density, r (g/cm?) 1.1-1.2 1.01
Poisson’s ratio, v 0.35 0.33

Two prints of the MFP were completed: the first featuring a 4x4 mm? force plate, and a second covering an area
of 2x2 mm?. The print of the 2x2 mm? tread plate warped slightly during printing while the 4x4 mm? sized one was
largely stable and presented an acceptable balance of rigidity, flexibility, and structural integrity. The rough surface
would allow for the strain gauges to be attached without sanding the structure, removing a step which could cause
damage via human error. Furthermore, printing the MFP without supports reduces the risk of damage during
support removal, which could impede experiment progress due to the need of reprints.

4.2 Strain Gauges

The strain gauges utilized for this setup were FLK-1-11 strain gauges from Tokyo Sokki Kenkyujo Co. The FLK
series features a narrower gauge width than standard gauges, enabling their placement on the force plate’s
narrow beam. These strain gauges facilitated data collection at sampling rates of 50 kHz at 100 kS/s (FLK-1-11
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50000x10-6 strain, strain limit) and were integrated into the MFP by two configurations. The strain gauges on the
uppermost beam were arranged in a half-bridge 2
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Figure 1 — (a) Labelled 3D Model of miniature force plate (MFP) with beam thicknesses (units [mm]); orange line indicates
strain gauge location (HB-half bridge 2, QB- quarter bridge 1) and (b) PA12 printed model, design adopted from
(Sepehrirahnama et al., 2023) (c.1) Diagram of Half-Bridge 2 Configuration (c.2) Diagram of Quarter-Bridge 1 Configuration.

configuration to measure bending force in the x-direction. The half-bridge 2 configuration utilizes two active strain
gauges mounted on the top and bottom side of the strain specimen, seen in Figure 1 (c.1). By contrast, the strain
gauges measuring the y- and z- force components were in a quarter-bridge 1 configuration, presented in Figure
1 (c.2), using a single strain gauge and a quarter bridge completion resistor connected to the NI-DAQ module
9237. Due to the short impact time of the feet (gait cycle of lowering and lifting the feet in a tripod configuration
ca 34 ms, with subprocesses having lengths of only about 0.4 ms (Oberst et al. 2015)), at least 10 times faster
response times are required to measure accurately the changes in strain (ie ca 40 ps at least). The NI-9237 can
measure down to 20 ps.

To attach the strain gauges, the following protocol was followed: Firstly, the surfaces were cleaned using
methylated spirit on a cotton bud. Strain gauges were removed from their backing and placed on non-stick paper.
Cellophane was placed on the other side of the strain gauge, and delicate force was applied to ensure it adhered
evenly. Next, the non-stick paper was carefully peeled off without curling the strain gauge. Glue was applied to
the surface of the force plate beam, and the exposed surface of the strain gauge was placed on the beam, using
light force on the cellophane to secure it in place. Finally, the edges of the cellophane were trimmed.

4.3 Video Capture

When recording at high framerates, the 50 Hz AC flickering of the ceiling lighting can become problematic (Oberst
et al., 2014, Li et al., 2016). Cameras operating at several hundreds of frames per second capture dark frames
caused by the bulbs and will appear as flickering within the recording. This can be remedied by using DC power
light sources, such as flashlights or LEDs. Another issue of high framerate recordings is the necessity to use low
light exposure settings or very high light intensity, as each frame has less time to capture to capture an image.
Hence to achieve excellent results, lower light exposure settings in a camera require significantly more lighting
than regular image capture. To address these challenges, we opted to maintain a low light exposure setting on
the camera while increasing the overall light intensity using a white light box with LED strip.

A critical issue in our experimental setup was the synchronization of camera recordings with strain gauge
measurements. Due to the complexities of timecoding and synchronisation, video capture was substituted for
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highspeed image capture. Via the cameras native software development kit (SDK), we were able to capture
approximately 120 frames per to rise, thereby aligning the timelines of camera, strain and force data capture.

4.4 Arena Design

The newly designed arena incorporates several

key features to enhance its functionality and
adaptability (Figure 2). It features a detachable
top and bottom design, facilitating ease of |

assembly and disassembly for maintenance and I
experimentation purposes. This modular design ]
allows rather ad-hoc modifications or

replacements as needed, streamlining the
experimental  process, and  minimizing

downtime. Vertical slots are integrated into the Figure 2 —(a) Drawing of 3D Model of Insect Arena Setup and (b)
arena to accommodate the MFP, enabling 3D Printed Arena with Perspex Sheets and Mirror Affixed
adjustable  positioning to suit different

experimental setups and requirements. This versatility ensures that the MFP can be precisely positioned to
capture relevant data while accommodating variations in experimental design or specimen size. Additionally, the
arena includes a removable floor, allowing researchers to experiment with various floor materials or MFP
configurations. This feature enables the customization of experimental conditions to suit specific research
objectives, providing flexibility in experimental design and data collection.

Mirror

A narrow corridor within the arena ensures that insects interact with the miniature force plate during locomotion,
optimizing data collection by constraining the insect so increasing the possibility to establish contact with the
sensing surface. This design choice minimizes experimental variability and enhances data accuracy, facilitating
robust analysis and interpretation of arthropod behaviour. The arena also incorporates supported external
chambers for housing insects before and after experiments, providing a controlled environment for observation
and manipulation e.g. as required to run bioassays choice experiments over several days. Two one-millimetre
slots are included in the design, allowing for the adjustment of the amount of light entering the arena to suit
experimental conditions (in our case via coloured and clear Perspex). Finally, space is allocated on the upper
floor of the arena to affix different mirror angles, offering flexibility in capturing side views of insects and
accommodating varied experimental setups and perspectives. This design element enhances the versatility of the
arena, enabling customized image configurations to meet the specific requirements of their experiments.

5 VALIDATION

4.1 Miniature-force Plate Calibration

The miniature force plate calibration was conducted on
an optical table ensuring isolation from external
vibrations. The miniature force plate was securely
mounted using screws and washers to the 3D printed
arena base. For each directional force, the miniature
force plate was rotated so the Modal Hammer (DJB IH-
01 Modal Hammer / piezoelectric IEPE force sensor)
could excite the tread plate in the respective direction.
During z-axis testing, the modal hammer struck the centre of the tread plate, whereas for x and y-axis testing, the
modal hammer impacted the tread plate along its respective edges (Figure 3). Force data was collected through

Figure 3 — Experimental Setup of MFP Calibration featuring
the NI-DAQ Modules and the
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the piezoelectric IEPE force sensor in the hammer connected to an NI-DAQ Module via BNC cable. Microstrain
data was gathered via an additional NI-DAQ module (NI-DAQ module 9237, 4 differential input channels, 50 kS/s
sample rate, 24-bit resolution, £25 mV/V input range). Data recording and file saving were managed using
LabVIEW Version 2024 Q1 Suite+, while high-speed camera images (Mars640-815/uc) were simultaneously
captured with the native camera software iCentral (Figure 3).

4.2 Arthropod Locomotion Testing

Iridomyrmex purpureus, commonly known as meat ants, were collected from Voyager Point Wetlands
(33°57'22.5"S 150°58'27.5"E) and stored in containers with tissue papers soaked in water-diluted honey. The
ants were then transferred to the Bioacoustics Lab at UTS Tech Lab and kept
in Thermoline environmental cabinets (CLIMATRON-520-DL) set at 28°C and
60% relative humidity until needed for experiments. The ants (with
documented average weight of about ca 27 mg and an average length of 14
mm, cf. Oberst et al., 2017) therefore being about twice as long compared to
Formica polyctena used by Reinhardt and Blickhan (2009). While much
larger than the specimens we intend to use eventually for the finalised
version of the force plate, these ants deemed suitable for initial testing.

On the day of insect testing 20 mm from the surface top layer, fluon
was applied to the upper walls of the arena and allowed to dry, to prevent
insects from climbing out. During testing, the insect arena with an affixed
mirror and attached miniature force plate was placed in the lighting box, and

;; > 4‘ =
a camera was positioned above using a tripod. Lights on the 3D-printed lens / g q ;
and lighting box were turned on to illuminate the arena, and insects were J g Y _/‘_ ;

introduced through the side entrance using forceps (Figure 4). Recordings
were taken in 1-minute intervals at a frequency of 1,200 Hz, applying a first
order Butterworth Filter at 150 Hz. Experimental Setup

Figure 4 — Insect Locomotion

5 RESULTS

4.1 Calibration Results

The curve for the x axis excitation in Figure 5 features a —— x-Direction
lower slope (13.28) compared to the y (87.82) and z 4sor —Y-Direction| |
(141.29) directions. The increased sensitivity of the x-axis ~_ 4000 —Z-Direction |
measurements may be attributed to its Half Bridge 2 strain
gauge configuration, enabling it to measure smaller
changes in electrical resistance in contrast to the quarter
bridge configurations. Furthermore, the impact of wires on
the force plate adding weight could potentially skew the
measurements. Images from the y axis excitation
calibration test shows that the vertical beam had a bend 1o0r
over time which could have impacted readings. 500 -
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The curves created from the relationship between cor e Mic:ostr:in s1(2uS)M e
microstrain, and force could be greatly improved with a

larger sample size. More samples over a larger force Figure 5 — Plot displaying the Strain-Force Relationship
range, like that of Sepehrirahnama et al. (2023), and for Triaxial forces on the PAT2 MFP
removing outliers, would create a more reliable and valid curve. Furthermore, using a manual hammer presented
issues of double hitting, and sliding against the surface of the force plate. Also, it is more difficult to control the
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magnitude of force on a manual hammer as opposed to an automatic impact hammer, as used in Sepehrirahnama
et al. (2023). Preferential to both is miniature force plate excitation via a ball bearing as used in (Reinhardt et al.,
2014b), which necessitates high speed video and data synchronisation, unlike the former methods.

4.2 Image Capture of Impact Force

20 T T T T T T — 400
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Strain Y 1350
Strain Z
Impact Force | -

o
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o

Strain (uS)

Impact Force (mN)

Figure 6 — left: timed image capture of x-axis excitation; right: plot displaying the force and strain measurements of a single
excitation of the x-, y- and z- directions during calibration.

Figure 6.a shows the synchronised recording of the force data from the impact hammer and strain data from each
of the 3 strain gauge configurations during an excitation of the system in the x-direction. Overall, a good match
between the strain data and the impact force data could be obtained. Our experimental setup enabled us to enact
the procedure used in (Reinhardt et al., 2014) to accurately calibrate future miniature force plate prints.

4.3 Insect Locomotion Test

The insect arena was successful in capturing images from both a top down and side-view of insect anatomical
structure during locomotion and include a view on the MFP (Figure 7). Using the available hardware, approximate
140 images were captured per second via the native camera SDK. This figure would drop to 115-120 images
when simultaneously collecting strain gauge and force data via LabVIEW. The 140-image figure could be
increased via using an alternative device to collect strain gauge data or implementing hardware with more
powerful processing speeds.

Figure 7 — Image Capture of ant (Iridomyrmex purpureus) interacting with PA12 MFP

5 CONCLUSION

Arthropod locomotion on the miniature-force plate could not be observed via the collected strain gauge data.
Signal noise was significant and could be reduced by conducting the experiment within an anechoic chamber to
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isolate the system from external frequencies. Implementing Half-Bridge or Full-Bridge configurations, especially
in the z- axis would increase the sensitivity of the miniature force plate. As proposed by Sepehrirahnama et al.
(2023) further reduction in beam width to 0.2 mm may also increase the plate’s ability to pick up forces in the sub-
millinewton range. Combining these suggestions with the additive manufacturing technique of powder printing
may provide the sensitivity needed to measure the triaxial forces of insect locomotion.

The modular design allows for the rapid production of arenas for the purposes of insect bioassays. Furthermore,
calibration data from the miniature force plate display the potential of additive manufacturing techniques in the
printing of miniature-force plates. By implementing the improvements suggested in Sepehrirahnama et al. (2023),
our setup has the potential of measuring forces in the sub-millinewton range, as required for the measurement of
ant locomotion.

The measurement of forces in the uN range, however, while theoretically possible (Sepehrirahnama et al. 2023)
still requires verification. For the validation of sensitivity, the existing setup could be compared to the resin print
of Sepehrirahnama et al. (2023); a further step in increasing quality of the miniature force plate could be the use
of nilon prints. These validation measurements as well as the synchronization of image and strain data on insects
though needs to be tested using an anechoic environment. The use of a half-bridge Il configurations everywhere
would increase sensitivity, but it would also increase cross-coupling effects which we did not observe extensively
in our experiment. This cross-talk will need to be quantified in the next round of measurements conducted in an
anechoic room. Synchronisation and the use of half-bridges may also require implementing a more precise
calibration technique of the MFP, such as nonlinear least squares making eg use of the out-of-diagonal terms of
the sensitivity matrix (Reinhardt and Blickhan, 2014b; Sepehrirahnama et al. 2023). However, using two more
sensors also bear the risk of having interference effects, e.g. in the Half Bridge 2, which is known to be an issue
due to unintended strain and/or thermal effects and should be also carefully evaluated with an improved calibration
process.
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