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Abstract: To better understand the pathophysiology and functional outcomes of musculoskeletal
and neuromotor pathologies, research is often conducted in mice models. As a key component
of such research, metrics of movement, loading, symmetry, and stability all have to be assessed,
ideally requiring the measurement of 3D ground reaction forces, which can be difficult. While the
measurement of ground reaction forces (GRF) is well developed for humans, appropriate devices for
mice remain rare or inadequate. Such devices need to combine high sensitivity with small dimensions,
especially when the forces for each individual paw should be measured. As preparation for building
such a device that can measure 3D GRF per paw in mice in an upcoming study, this systematic
review of the literature identified 122 articles and 49 devices that measured the ground reaction forces
for mice and other small animals. Based on a variety of criteria, such as sensitivity and resonance
frequency, the miniaturisation of each device and/or its capability to measure the three components
of the ground reaction forces in individual paws were judged. The devices were consequently
classified; eight devices were classified as “can be adapted”, nine as “hard to be adapted”, and 24 as
“cannot be adapted”.

Keywords: functional assessment; limb loading; ground reaction forces; mice; small animals

1. Introduction

The measurement of the ground reaction forces (GRFs) is used in a wide range of
human movement studies, for instance, to investigate the internal forces in rehabilitation [1]
or sports coaching [2,3], but importantly also to monitor the progression of musculoskeletal
pathologies and neuromotor disorders [4,5]. When combined with spatiotemporal and
kinematics parameters, GRFs allow the loading conditions acting on internal skeletal
structures to be calculated [6], muscle activity to be assessed [7], and joint contact forces to
be determined [8-10].

For many research questions, direct studies in humans would be unethical, and
are thus performed in animal models instead [11,12]. Consequently, researchers are in-
creasingly interested in applying movement analysis in animal models whenever it is
ethical—particularly in mice—which represent about 95% of animal models. At our in-
stitute, researchers are investigating the effects of mechanical intervention therapies for
improving bone properties and musculoskeletal regeneration [13,14]; measuring the GRFs
per paw in mice before and after the interventions can help better qualify the results. While
GRF measurement devices for human studies are plentiful and highly developed, options
for mice and other small animals remain rare and inadequate.

For the direct measurement of GRFs in humans, two main techniques are used:
instrumented shoes [15,16] and force plates [17]. While instrumented shoes could be
made suitable for large animals by adapting the design to the animal’s paw [18], shoes are
impractical for rodents, particularly because the sensor weights and sizes would impair
the animal’s movement. Therefore, mice studies have used commercial or custom-built
force plates to measure GRFs. However, all of these force plates are generally either
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limited in the number of GRF components or are unable to measure GRFs per individual
paw. Similar to the importance of measuring the three components of the GRFs per leg
in humans, measuring the three components of the GRFs per paw in mice is crucial for
many studies. Knowledge of the GRFs per paw in rodents is essential for assessing gait
symmetry and asymmetry [19], dynamic balance [20], and local tremor [21], while the 3D
GRFs are essential for determining internal loads mainly using inverse dynamics [22]. So,
while measurement of just one or two GRF components or the total GRFs over all paws is
sufficient for some studies, many research questions can only be answered when 3D GRFs
per individual paw are available.

Unfortunately, measuring GRFs for individual mouse paws is challenging due to the
small size of the animal paw, which is only 17.5 mm in length [23], and the small forces in
the range of 0.01 to 0.2 N [24]. One study was able to measure left/right side forces [25] by
using two force plates side by side and forcing the mouse to walk centrally, in a way that
its left paws fall on the left plate and its right paws fall on the right plate. Another study
covered a large force plate (152.5 mm x 152.5 mm) with a walkway constructed of three
separated wooden plates in which only the middle one was the same size as a mouse paw
and was in direct contact with the force plate, another study was able to measure the GRFs
for individual paws in mice [24]. However, such solutions remain non-optimal due to the
use of large forces plates, hence restricting the assessment of multiple successive steps.

Therefore, this study reviews the force plates available for rodents and small animals
and evaluates how easily they could be adapted towards a force plate design capable of
measuring 3D GRFs in mice for each individual paw and successive steps.

2. Methods
2.1. Literature Selection

In this review of the literature, we investigated devices used for measuring GRFs in
small animals (with an average weight of less than 1 kg) during functional movements.
Figure 1 presents an overview of the systematic search process and the number of publica-
tions at each step.

PubMed Web of Science
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Figure 1. Articles selection steps.
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We searched two databases (Pubmed and Web of Science) while restricting the publi-
cation year to the period between 1980 and 2020 and the language to English. The exact
search strings contained the terms “ground reaction forces” and “small animals” combined
with an AND operator. The synonyms of small animals, such as mice, rats, rodents, ants,
frogs, lizards, geckos, birds, or insects, were added using the operator OR. We excluded
cats, chicks, turkeys, rabbits, and dogs (all combined with an OR) from this study using
the operator NOT. The research string was the following: ((Ground reaction forces) AND
((small animals OR mice OR rats OR rodents OR ants OR frogs OR lizards OR geckos OR
birds OR insects) NOT (cats OR chicks OR turkeys OR rabbits OR dogs))), with adding
“ALL=" for Web of Science. This initial search in PubMed and the Web of Science returned
417 possible publications. After removing duplicates and irrelevant literature (based first
on the title and abstract, then the full text), 118 remaining articles were considered relevant.
An article was considered relevant when it involved a direct measurement of GRFs, the
measurement device was described in the article itself, or in a cited reference and the used
animals that weighed less than 1 kg.

After manually reviewing the references cited in the remaining articles, the total
number of included articles was 122.

2.2. Criteria for Platform Classification

We assessed the possibility of adapting the measurement technology for use in force
plates to measure the three GRF components per paw in mice according to the follow-
ing criteria:

- Independent measurement of 3 orthogonal components of the GRF.

- Determination of the centre of pressure (CoP).

- Low ‘crosstalk’ between the components: where an upper limit of 3% crosstalk was
considered acceptable [26].

- Sensing technique (load cells, strain gauges, gelatin slabs, water sensors ... ) and how
easily the technology can be adapted for use in the assessment of mice GRFs.

- Sufficient sensitivity and resolution: the expected forces for a 20 g mouse are 0.01 N
to 0.12 N for the vertical direction, 0.004 N to 0.036 N for the fore-aft direction, and
0.002 N to 0.02 N for the mediolateral direction [27]. Accordingly, the force plate needs
to have a minimum resolution of 10 mN in the vertical direction and 2 mN for the
horizontal directions, while for sensitivity, 10 V/N should be sufficient.

- Linear response: According to the expected forces, the linear response should cover a
range of about 0.008 N to 0.15 N for vertical forces and a range of 0.001 to 0.05 N for
horizontal forces.

- Uniform response over the plate surface: Previous research suggests a maximum
variation of 3% for mice gait [26], even though the origin of this number was not
further discussed.

- High natural frequency: If the mouse gait contains any frequencies at the natural
frequency of the plate, this will lead to resonance, which causes high noise or could
even damage the mechanical structure. Thus, it is important to ensure that the plate’s
natural frequency is well above any frequency components of the mouse movement
under assessment. During mice gait, frequencies up to 30 Hz [28] can occur, and
therefore, the natural frequency of the force plate should be at least 100 Hz.

- Force plate size: A mouse hind paw about 17.5 mm long and about 5.8 mm wide [23],
while the stride length is around 60 mm, which is defined as the distance from the
centre of the front paw to the centre of the ipsilateral hind paw. So, in order to measure
the forces per paw, the top plate on which the animal will step cannot be smaller than
18 mm to fit a whole paw and not bigger than 20 mm to avoid overlapping paws for
full-width plates (three paws per stride length). If the separate left and right plates
are used in the runway, the plates can be 30 mm long (two paws per stride length).

We finally present the classification on how easily a device could be adapted using
the following scheme: (a) if one of the previous criteria could not be met without a
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fundamental change in the sensing technique or force platform architecture, the technique
was categorised as “Cannot be adapted”; (b) if the required performance criteria could
potentially be achieved, but would require substantial modification and success would
remain uncertain, the technique was categorised as “Hard to adapt”; (c) if the required
performance could likely be achieved by straight-forward improvements, the technique
was categorised as “Can be adapted”; (d) if there was missing information about four or
more of the previous criteria, the device was categorised as “Insufficient information”.

3. Results and Discussion

In this paper, we differentiate between running wheels (Table 1) and flat force plates
(Tables 2—4) While the measuring principle is similar in both cases, in that the animal
steps on a surface and the system measures the GRF applied to it, there are fundamental
differences between walking /running on a rotating, movable surface vs. a flat fixed surface
(overground movement) [29]. We furthermore categorised our results according to the GRF
components the device could measure. Under each section, we present only the force plates
classified as “can be adapted “and “Hard to adapt”, while the devices that were classified
as “cannot be adapted” or “insufficient information” are presented in the Table 4. Since the
sensing technique plays an important role in classifying the devices, a small explanation of
the most used force sensors in the studied devices can be found in Box 1.

In this paper, the force components were defined as follows: F, is the vertical compo-
nent, Fy is the for-aft (anteroposterior) component, and Fy is the mediolateral component
(Figure 2), similar to the reference [30]. The notation here may differ from some references.

Box 1. Force sensors.

Force sensors typically operate on the principle of measuring strain in a known material and
then derive the applied force from this strain through the known stress-strain relationship. Strain is
commonly measured using strain gauges, which come in a variety of technologies: Resistance strain
gauges, for instance, consist of a metallic foil pattern on a flexible support. Because the support is
flexible, applying a strain changes the geometry of the foil pattern and thus leads to a change in
overall resistance. The resistance strain gauges, also called metal-foil strain gauges, are the most
widespread type of strain gauges and often just called strain gauges. Semiconductor strain gauges,
on the other hand, use a semiconductor material with a piezoresistive effect to measure strain. Here,
it is not the geometry of a pattern that changes, but the resistance of the piezoresistive material itself
changes when stress is applied. Compared to resistance strain gauges, semiconductor strain gauges
offer higher measurement sensitivity but suffer from nonlinearity and temperature dependency.
While resistance and semiconductor strain gauges are the most common types, there also exist
other principles to measure strain. For example, in Hall effect strain sensors, a metallic strip and
magnetic field are used to measure the position and thus strain. The hall effect sensors are quite
robust and immune to vibration, but the accuracy of its measurement can be easily affected by
external magnetic fields.

To measure forces, all types of strain sensors have to be fixed to an appropriate mechanical
support structure and require the use of dedicated readout electronics such as bridge electronics
or amplifiers. Load cells are an alternative to building a custom design using strain gauges. Load
cells are force sensors, typically pairing resistance strain or piezoresistive strain gauges with a
predefined support structure (and sometimes readout electronics), that are available as off-the-shelf
components and directly measure applied force. While their performance depends on the design
details, we consider load cells as a separate sensor category since their design makes them hard to
adapt unless a sister device with appropriate specifications is offered by the manufacturer.
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Figure 2. The ground reaction force (GRF) force components, where F; is the vertical component, Fx
is the for-aft (anteroposterior) component, and Fy, is the mediolateral component.

3.1. Running Wheels

A running wheel is an exercise device often used in rodent studies to investigate the
effect of exercise on metabolism and obesity or to assess pain [31,32]. While most of these
devices are plain, non-instrumented wheels, a few recent studies have developed running
wheels that are able to measure the GRF during animal exercise (Table 1). The advantage
of using running wheels for measuring GRFs is that the mouse voluntarily chooses to use
the wheel [33]. This method is stress-free for the animal [33] compared to the use of flat
force plates where the mouse generally has to be compelled to move by the researcher.

Table 1. The results for running wheels.

GRF Sensing S Linearity Variation Complexity
Compo- Tech- ?{eerslzlltli‘t/ilg\/ Crosstalk of the Fgatuuelﬁi across the Shaspi;eand Application Level of References

nents niques Response q Y Platform Adaptation

) Strain A standard
Resistance Vertical: Tested magnitude stainless-
Fyand F strain 1.5%; between varied steel mouse Mice Cannot be [34]
x ” gauges Fore-aft: 10 mN and linearly running adapted .
38% 402 mN (R 5099 whoel

Fx, Fy Hall-effect 94.3 + Running Mice Hard to [35]

and F, sensors 12.1 Hz Wheel adapt o

Two types of running wheels have been used to measure GRFs in mice: an upright
running wheel with rods based on resistance strain gauges [34] and an angled running
wheel based on the Hall effect [35]. The upright wheel measured two components of the
GRF per paw during mouse movement, but video records showed occasional foot-slipping
or misplacement on the wheel rungs, particularly in inexperienced animals. In addition,
this wheel suffered from high crosstalk (tangential forces produced 38% crosstalk in the
normal force measurement) and high noise. Adding a third spring blade to measure
Fy, would likely result in a longer vertical spring blade that could interfere with the
overall size of the wheel. Since it is hard to measure all three components without an
important modification of the design, in addition to the high crosstalk, the upright running
wheel was classified as “Cannot be adapted”. The angled running wheel measured three
components of the GRF per paw and can measure GRFs of multiple paws simultaneously
(contrary to the upright wheel). This design further improved on the upright running
wheel by using an angled shape that reduces paw slippage and allows more natural
running conditions [35]. This setup used Hall sensors instead of resistance strain gauges,
which reduced the sensor noise (for more information about both technologies, please see
Box 1). However, such angled running wheels were unable to determine the CoP and
underestimated the contact times at low mouse speeds, hence resulting in less accurate
stance and duty factor measurements. As the reason for this underestimation remains
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unclear, improvement may prove challenging. Furthermore, in order to measure the CoP,
significant modifications, such as using a florescent pressure-sensitive material for the pads,
would be required. Overall, this device was classified as “Hard to adapt”.

3.2. Flat Force Plates

In this section, we will present the flat force plates that had enough information to be
classified. The devices under the category “insufficient information” in Table 4 will not be
further discussed.

3.2.1. Devices That Can Measure Only the Vertical Component

Many force plates used for measuring GRFs in mice can measure only the vertical
component of the force (Table 4). Measuring only the vertical GRF is sufficient if only the
gait patterns or the maximum magnitude of the applied forces are needed, but it is not
adequate for studying internal loading conditions since this requires the three components
of the GRFs. Vertical component force plates have one basic design: a large plate with
sensors fixed directly under it, typically four uniaxial load cells, one under each corner of
the plate. The relatively large size of load cells makes it hard to miniaturise this kind of
force plate, and using only one load cell instead of four will sacrifice the measurement of
the CoP, which is essential for the majority of locomotion studies. Furthermore, to measure
the three components of the GRF, the sensing technology would need to be changed.

In one study, the authors used strain gauges instead of load cells by placing one strain
gauge under the corners of a mouse cage—while in this case, the miniaturisation would be
easier than for load cells, the mechanical structure would need to be completely redesigned
before strain gauges could be added to measure the other GRF components. Therefore, all
the vertical GRF force plates were classified as “Cannot be adapted”.

3.2.2. Devices That Can Measure Two Components of the GRF

The mediolateral component Fy of the GRF in mice is usually the smallest of the
three components (<5%-8% of body weight [26]. It is often neglected, and measurements
are therefore presented only for the vertical and anterior-posterior forces, which explains
the existence of two-component devices. However, neglecting the Fy component will
introduce errors in the calculation of non-sagittal joint moments using inverse dynamics
approaches, especially for joints that are more distant from the paws. Thus, while sophisti-
cated musculoskeletal models of mice have been developed to study the role of knee joint
loading and its relationship to osteoarthritis, investigating the medial-lateral distribution
of the loads across the knee is not possible without accurate measurement of Fy [36,37].
Furthermore, mouse musculature volume measurements show that the hip rotators are
actually stronger than the hip flexors and knee flexors, indicating the significant role that
non-sagittal moments could play in mouse locomotion [38].

A force plate used to assess ground reaction forces in cockroaches [39] was based on a
beam design with slots in different directions, onto which semiconductor strain gauges
were attached. Its simple mechanical design explains the widespread usage of this force
plate. It was used in chick studies after replacing the semiconductor strain gauges with
resistance strain gauges [40]. In the cockroach study, this force plate was able to measure
forces with a resolution of 4 mN [39], with low crosstalk (2%) and a high natural frequency
of 400 Hz. The structure can be easily miniaturised, and a variation of this force plate
that can measure all three GRF components already exists [26] (see the strain gauge based
devices section). Therefore, this force plate was considered suitable for GRF measurement
in mice and was classified as “Can be adapted”.

The force plate presented by Heglund [41] was made of two perpendicular spring
blades that were fixed horizontally to the plate at one end and to a base support at the other
end, such that the plate was suspended. Strain gauges were attached to the spring blades
structure. Such force plate designs have been used for the study of kangaroo rats [42,43].
Measuring 250 mm x 250 mm, this design has a high natural frequency of 180 Hz but
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also a high crosstalk of 16%. The sensitivity and the range of linearity were not stated in
the original references. Importantly, the kangaroo rats used in this study weighed 94 g
to 125 g, which is considerably higher than that of a mouse (approximately 20 g). It is,
therefore, hard to judge whether this force plate could be suitable for mice. Adding a third
measurement axis to this design would be relatively easy: a vertical spring blade could be
added to the structure, but this modification might decrease the natural frequency of the
force plate. As a result of the uncertainty of the modifications outcome, this force plate was
considered “Hard to adapt”.

Using microfabricated strain sensors, an ant study [44] created a miniaturised force
plate array with a high resolution of 1 uN and a high natural frequency of 560 Hz. While
building a larger version of this force plate for mouse paws should be unproblematic,
measurements of the lateral force Fy would require a fundamental change of the plate
design. Therefore, this force plate was classified as “Hard to adapt”.

In their study involving crayfish, Klarner and Barnes [45] presented a force plate that
also measured two GRF components: F, and either Fx or Fy, depending on the mounting
orientation of the device. Based on resistance strain gauges attached to an L shaped beam
with cavities, the plate was also sufficiently small (14 mm x 14 mm) to measure single
paws in mice. While the article did not specify the sensitivity and measurement range,
this study measured forces of about 86 mN, which is comparable to values required for
mice studies (200 mN). Because the natural frequency remains unknown, and because
simultaneous measurement of Fy and Fy, would require drastic changes in architecture, this
force plate was considered “Hard to adapt”.

A study on local tremor in mice presented an opto-mechanical device that measured
the two in-plane components Fy and Fy, but not F, [46]. This force plate used infrared
diodes and phototransistors to measure the movement of the mechanical structure in each
direction, offering a high resolution of 1 mN with a natural frequency of 100 Hz. With a
sensor size of 1.5 cm [21], it would appear to be suited for measuring the GRF per paw in
mice. As discussed by the authors, adding a transducer to measure the vertical component
would be straight-forward [46]. However, this three-component device would still be
unable to measure the COP, as this would require four sensors for the vertical forces. In
order to measure the CoP, more than one transducer should be added, possibly making the
size of the plate excessive for GRF measurement in mice. For this reason, we considered
this force plate “Hard to adapt”.

Devices that use gelatine slabs were considered as “cannot be adapted” [47,48] because
the slabs do not provide sufficient stability for mouse walking. Similarly, a force plate
with 0.1 mm plate thickness used to study ants [49] is too thin to support a mouse weight,
and a thicker plate would decrease the low natural frequency of 80 Hz leading to a risk of
resonance and hence alter the measurement characteristics of this device. Therefore, this
device was also classified as “cannot be adapted”. The specifications of these force plates,
as well as those that had insufficient information, can be found in Table 4.
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Table 2. Devices that can measure two components of the GRFs and were classified as “can adapted” or “hard to adapt”.

. sros . . Variation Complexity
GRF Sensing Sensitivity/ Linearity of the Natural . o References and
Components Techniques Resolution Crosstalk Response Frequency AI,CII;E(S;:;E’ Shape and Size Application A]ciz‘l;ﬂt(i)(f) n Remarks
Semiconductor Resolution In the range 107 mm X
strain gauges 0.5 mN <2% 0.001-0.1 400-650 Hz Less than 7% 60 mm Cockroach Can be adapted [39,50,51]
F, and Fy MEMS
Piezoresistive Resolution 1 uN 560 Hz g 9n§mmr>; Ants Hard to adapt [44]
strain gauges ’
Resistance strain <29 llﬁgg{ pzlgikelse) 2% lRun;VST)y each Kangaroo rats Hard to adapt [41-43]
gauges ° 300 Hz (the ° plate mm X g p
li 250 mm
ighter plates)
IR-emitting diode . Linear in the ;
Fy and F and a Resolution range of 100 Hz 15-0 mm 1n Mice Hard to adapt [21,28,46,52]
y . 1 mN diameter
phototransistor +100 um
F, and (Fx or Fy) Resistance strain 5% 11% Area 220 mm? Crayfish Hard to adapt [45]

gauges
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3.2.3. Devices That Can Measure Three Components of the GRF

e Load-cell based devices

The most common force plates in human kinesiology are based on three-axis load cells
fixed underneath a plate (Table 4). Devices in this category include commercial products
(e.g., by Kistler, AMTI, etc.) but also custom-built force plates [53,54]. These devices exist
in many variations and can measure all three GRF components, have high sensitivity, low
cross talk, and a high natural frequency. Due to their large size (the smallest force plate
in this group measures approximately 150 mm x 150 mm), they are only suited for full
body GRF measurement over multiple steps. However, no force plate is yet small enough
to measure individual steps in mice, which is required when studying the mechanics of
individual limbs. Here, the limiting factor for miniaturisation is the relatively large size of
the load cell; the smallest sensors available on the market have a diameter of circa 17 mm.
Therefore, the force plate cannot easily be shrunk to measure individual mouse paws and
reducing the number of loading cells to make the force plate smaller would entail giving up
the capability to determine the COP. Consequently, we classified these devices as “Cannot
be adapted”.

e  Resistance and semiconductor strain gauge based devices

In contrast to load cells, resistance strain gauges (metallic) and semiconductor strain
gauges (piezoresistive) typically have flexible support, which can be mounted on almost
any kind of flat surface. They are small, with dimensions in the millimetre-range. Their
flexibility and small size allow a variety of 3D sensor designs for small applications. More
information on these technologies can be found in Box 1.

Strain gauge technologies have been implemented in force plates to study rats [27,55],
chicks [40,56], geckos [57], as well as in cockroaches [39], albeit as an adaptation of the two-
component force plate discussed above. While the gecko force plate used semiconductor
strain gauges and reached a range of measurement of 0.001-0.1 N, the chick [56] and rat [27]
force plates used metal strain gauges to reach 0.1-4 N. The natural frequency was high in all
the force plate variations (>240 Hz), with reported crosstalk values below 5%. The design
of the force plate can be miniaturised, and by replacing the strain gauges with a model
more suitable for the mice measurement range (e.g., a model with higher resistance), this
force plate could be adapted to measure the GRF per paw in mice. Such a modification of
the resistance strain gauge model was successfully undertaken to measure force in vampire
bats [58]. This device had a natural frequency of 128 Hz, which remains sufficiently high
for mice studies. Furthermore, as vampire bats (30 g) have comparable weights to mice (20
to 25 g), the force plate sensitivity and measurement range should be sufficient for one paw
mice studies. We thus classify this group of force plates as “Can be adapted”.

In a study on locusts [59], a design similar to that used for cockroach studies was used,
but instead of having four connected beams (each with three semiconductor strain gauges),
it used only one perpendicular beams structure with six semiconductor strain gauges: two
for each direction. The authors reported a sensitivity of 12.60 V/N, a natural frequency of
527 Hz and a crosstalk of 3%. The measurements of 150 mm x 75 mm suggest that this
solution could also be reduced to measure mouse paws. Moreover, the use of four of these
sensors under a single plate would allow the measurement of COP. Therefore, this force
plate was classified as “Can be adapted”.

A force plate that was used to capture GRFs in lizards [60] and frogs [61] was based on
resistance strain gauges on a T-shaped beam structure under a 30 mm x 30 mm plate. This
beam structure was either used in a vertical orientation to measure climbing animals [60,62]
or in a horizontal orientation for studies on frog jumps or gecko gait [63,64]. The device
has a sufficiently high natural frequency of 277 Hz and a resolution of about 2 mN. The
reported crosstalk (<5%), while in an acceptable range, would require improvement. This
kind of mechanical structure could indeed be suitable for mouse GRF measurements, and
by decreasing the load carrier size, this device could be used to measure GRFs in mice per
paw. Therefore, this force plate was considered “Can be adapted”.
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Semiconductor strain gauges have also been attached to a perpendicular beams struc-
ture to assess GRFs in ants [30], which have an average weight of 20 mg [65]. With a plate
size of 4 mm x 4 mm, a resolution up to 1 pN, and a natural frequency of 280 Hz, this
platform could be suitable for mice. However, due to the big weight and size difference
between ants and mice, some modification would be needed (e.g., the size of the plate
needs to be bigger to fit the mouse paw size), and more tests would be required to ensure
the stability and rigidity of this force plate when a mice moves over it. We tentatively
classify this force plate as “Can be adapted”.

Another force plate based on semiconductor strain gauges was used in stick insects
studies [66,67]. It had a plate size of 5 mm x 5 mm and used a perpendicular blade structure
that host the semiconductor strain gauges. This device had a resolution of 0.05 mN, which
would be well suitable for mice measurements. However, since the stability and rigidity of
the plate when used with mice remains unclear and the natural frequency was unreported,
we classify this device as “Hard to adapt”.

A modification of a two components force plate described above [41] allowed the
measurement of the three components and was used in lizard studies [68,69]. Based on
resistance strain gauges attached to a spring blade structure, the force plate had a resolution
of 15 mN. While the size of the plate was 200 mm x 600 mm, which is too big to measure
GRFs in mice per paw, miniaturisation of this force plate should be possible based on
the mechanical structure and the sensing technique. However, the natural frequency was
not reported for this design, and it is hard to foresee how the required modification and
miniaturisation would affect the device characteristics. Therefore, this force plate, similar
to the previous one, was classified as “Hard to adapt”.

Another force plate in the strain gauge category is the octagonal rings force plate.
Two versions of this force plate were used to study lizards and birds, respectively [70].
The difference between the two versions was mainly the size of the components, based
on the size of the animal under investigation. The force plates contained four flexible
octagonal rings, on which the resistance strain gauges were attached; these rings were then
mounted under the four corners of the force plate. The version for lizards reported a higher
resolution: 0.026 N in the Z, 0.062 N in the X, and 0.095 N in the Y direction, but these values
are insufficient for mice studies, especially for the horizontal directions. Additionally, no
information about the natural frequency was given. In order to adapt this force plate, some
modifications would be needed in order to improve the sensitivity (changing the material
or the thickness of the structure), and further testing would be required in order to ensure
that the natural frequency is sufficiently high. Due to the needed modification and the lack
of information about the natural frequency, we classified this device as “Hard to adapt”.
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Table 3. Devices that can measure three components of the GRFs and were classified as “can adapted” or “hard to adapt”.

Variation

Complexity

. . e . Linearity of the Natural . e References
GRF Components Sensing Techniques Sensitivity/Resolution Crosstalk Response Frequency AI;CIE(;?(S) :rlrlle Shape and Size Application A]&?l;(te;t(i)lfm and Remarks
) . 8.5V/Nin the Z . [26,27,55,71-81]
Resmtgrlllcee:tram direction and 5.0 V/N in Bae;clvc\lrelg?e;/aelrgoc/al In Bhle tr(;izgl\? of 105 mm x 105 mm Rats Can be adapted Was also used
gaug the Y and X directions ° ) in runways
Resm;‘l‘lf;e:tmm Resolution 500 mN <5% fn the range of 240 Hz <% 100 mm x 80 mm Chicks Can be adapted [26,40,56]
. . 16% between
Resistance strain : 74.6 mm X . ,
gauges }é?rréi?ig:?sl >128 Hz 155 mm Vampire bats Can be adapted [58,82]
. . Resolution 2 mN in the :
Resistance strain X and Y directions and <5% 277 Hz 30 mm x 30 mm Lizard Can be adapted [60-64,83-85]
gauges 3 mN in the Z direction Frog
Sem‘“’fg‘gggggr strain <5% In the range of 400 Hz 110 mm x 60 mm Gecko Can be adapted [57]
Semiconductor strai Resolution Fx = 5.4 uN,
e lcogaggce‘;f strain Fy =29 puN and 4%—6%. 201 Hz 4mm x 4 mm Ants Can be adapted [30,65,86,87]
F, =10.8 uN
Semicogait;;et;)r stain Sensitivity 12.60 V/N 3% 527 Hz 15mm x 7.5 mm Locust Can be adapted [59,88]
F,, F, and Fy . X
v Reswézﬁf;fram Resolution 15 mN 200 mm x 600 mm Lizard Hard to adapt [68,69]
Resolution 0.026 N, in 3.2% of vertical in
the Z direction, 0.062 N the X direction
in the X direction, and and 4.4% of the Lizard Hard to adapt
Resistance 0.09d5_N in the Y Vf‘rh;aé‘forcg in [70]
strain-gauges irection the Y direction Supplementary
Resolution 0.05 N in the Vertical force was information of [70]
Z direction, 0.03 N in 3.2% in the X :
the X direction, and direction and 4.4% Bird Hard to adapt
0.02 N in the Y direction in the Y direction
Semlcoggﬁgézr strain Resolution 0.05 mN 5mm X 5 mm Stick insect Hard to adapt [66,67,89,90]
Semiconductor strain In the range
for Xand Y 0-3 mN for the X
gauges for A an and Y directions Stick insect and
directions + Water : Hard to adapt 91
pressure sensors for ag“lij mlt\};? rar;ge cockroaches ARE 19 acap o1
the Z-direction _Z 31 or the
irection
) o Sensitivity of 55 V/N in
MEMS piezoresistive the vertical direction Linear in the in 900 Hz 5.3 mm square Cockroach Hard to adapt [92]

strain gauges

and 12 V/N in
horizontal directions

range of 1-100 mN

plate
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Table 4. Devices in the “cannot be adapted” and “insufficient information” catagories.

. . Variation .
GRF . . e s . L ty of th. Natural . e C lexity Level Ref d
Components Sensing Techniques Sensitivity/ Resolution Crosstalk Rler;;aor;g’eo € Frzc;::ncy ?fart(;:;sr Itrl‘1e Shape and Size Application Ofozné’a;’t(;g’oneve Rz;;:ﬂ;es an
Uniaxial load cell Resolution 0.02 N g_azn Evel\?f measurement ggécrigiate 300 mm x Mice g;;;‘tce’:lbe [93-96]
- Sensitivity: 112, Force plate 460 mm X Cannot be
Uniaxial load cell 410 mV/kN 10 mm Rats adapted [97]
. Force plate 177.8 mm x Mice Cannot be
uniaxial load cells 177.8 mm Rats adapted [98,99]
. Runway of 1000
Fz Uniaxial 1Based iload cell Linear between mm-1200 mm length Cannot be [100-104]
0-1.94N - . adapted
and adjustable width
Runway of 420 mm with c th
Strain gauges load cell four force plate of Mice (;nno € [105]
adapted
38 mm x 30 mm each
load cells 5-OMEGA, Elevated force plates Rats Cannot be [106]
model LCL-227G 40 mm x 40 mm each adapted
Resistance strain gauges <2% linearity 99% glglslzepgtgeeunder the Mice gcil‘:};ltzt:lbe [107]
Semiconductor srain 80 Hz 5 mm x 5 mm Ants Cannot be [49]
Gelatin slab (Photoelastic 102 mm x 305 mm
material) between Cannot be
P A : 286 mm x 286 mm Cockroaches [47,48]
polarizing filter and a light 245 mm x 245 mm adapted
F, and Fy source) Insufficient
- nsufficien
Uniaxial force sensors Beetles in fom}a}ion [108]
Strain gauges Caterpillars illr:fggllcalteig; [109,110]
- Insufficient
Strain gauges Rats information [111]
Linearity of 0.5% for a
<0.05% between ~ [2nge of ~25kNto
Load cell . e 2.5 kN for lateral Cannot be [112] data sheet
(Kistler platform 9286A) Resolution Fz < 250 mN Y;grlglal and direction and a range 200 Hz 400 mm > 600 mm Rats adapted of Kistler 9286A
of 0 to 10 kN for the
vertical direction
. Runway with four Cannot be
F,, Fxand F, Load cell Sensitivity 2 mV/V force plate Rats adapted [113]
1% between A
Load cell . - Range of measurement Runway 1200 mm x Cannot be [114,115]
(kistler, type 9251A) Resolution 0.01 N yertical and 0-2300 N 88 mm Rats adapted Datasheet
Load cells Runway of 760 mm x Rats Sg;‘l;‘t‘;tdbe [11,25,116,117]
) Runway of four Cannot be 3
Load cell FT3/10 ATI Resolution 0.01 N separated force plates Rats adapted [118-121]
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Table 4. Cont.

: . Variation .
GRF . . e s . L ty of th. Natural . . C lexity Level Ref d
Components Sensing Techniques Sensitivity/ Resolution Crosstalk Rler;;aor;g’eo € Frzc;::ncy ?fart(;:;sr Itrl‘1e Shape and Size Application Ofozné’a;’t(;g’oneve Rz;;:ﬂ;es an
. Sensor array in a
Load cell FSG15N1A P The measuring range Cannot be
Honeywell Sensitivity 0.24 V/N 0f 0-1500 g r7151r;¥1vnziy of 125 mm x Rats adapted [122] Datasheet
123]
Load cell Nano43, ATI . Cannot be [
Industrial Automation Resolution 1/512N Rats adapted gf)relzzofi cations
[124]
Load cell (nano 17, ATT) Resolution 1/160 N 70 mm x 150 mm Rats C(;lmntotibe Sensor
) adapte Specification
oad cel nano esolution m z mm X 9 mm . 125-13C
Load cell (ATI nano17 Resolution 300 mN 200 H 80 9 E’Z‘gi{i‘%fgg S Sg;‘l;‘t‘;fibe 25-130
Sensitivity C tb
Load cell AMTIMC3A-100  F, =1.35 uV/(V x N), <2% 300 Hz 150 mm x 150 mm Frog st [54,131]
Fx =Fy 5.4 uV/(V x N) P
. In the range of 2.5 to
Load cell kistler force o N . Cannot be [132] + data sheet
plates threshold Fz <250 mN <2% 2.5kN in X and Y and 200 Hz 400 mm x 600 mm Birds adapted of Kistler 9286A
0to10kNinZ
ki(:fde rc?g)lrce plates Resolution +0.01 N 200 Hz 200 mm x 100 mm Birds aC(;:;tztibe [53]
Sensitivities 5 mN for
Load cell horizontal and 10 mN The measurement 800 Hz 400 mm x 600 mm Birds Cannot be [133-135]
Bertec force plate for vertical force range —10 to 10 kN 150 mm x 150 mm adapted [53,136]
components
Hall Effect Resolution e in the X and 28 Hy 152 mm x 152 mm Rats Cannot be [(24,137-147]
(HE6X6 by AMTI) 2.5 mN Ry o € 105 mm x 110 mm Mice adapted o
y Z direction P
Insufficient ,
Load cell 600 mm x 600 mm Marmosets information [148]
Strain gauges 600 mm x 200 mm Lizards .Insufflue.nt [69]
information
. cylindrical sensitive Insufficient 10 15
Strain gauges region of 38 mm Opossums information [149,150]
Not mentioned Resolution 1 mN Locust Insufficient [151]

information
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4. Synopsis

In this paper, we have reviewed the technologies and devices that were used to assess
GRFs in rodents and small animals in order to find a device that could be adapted for
measuring the three components of the GRF for individual steps in mouse gait. From 49
studied devices, we classified eight as “Can be adapted”, nine as “Hard to adapt”, 24 as
“Cannot be adapted”, and the rest were classified as “Insufficient information”.

The main decisive factors for the classifications turned out to be miniaturisation and
sensitivity, which are both highly linked to the underlying sensing technique. Load cells
are generally bulky and have a minimal size that is too large to measure individual mouse
paws for consecutive steps. Consequently, all eight of the devices categorised as “Can be
adapted” were based on strain gauges. Four of those devices were based on resistance
strain gauges [27,56,58,60], and four devices on semiconductor strain gauges [30,39,57,59].
Both types are available in small sizes of a few millimetres, and thus, force plates using
strain gauges can often be simply scaled down. While semiconductor strain gauges have
about fifty times higher gauge factors than resistance strain gauges, they suffer from a
higher sensitivity to temperature variations, a higher temperature drift, and a non-linear
resistance-strain relation. For these reasons, it is preferable to use metal strain gauges,
as long as their sensitivity is sufficient. For the vertical forces arising in mouse gait
(between 0.01 N and 0.2 N), the sensitivity of metal strain gauges is sufficient, while
the situation is less clear for the smaller horizontal forces (between 0.002 N and 0.03 N).
Here, semiconductor strain gauges can be used to increase sensitivity, or the mechanical
structures can be optimised to produce higher strains for the applied load in the horizontal
directions. The ideal mechanical structure would thus have a high strain per applied load,
but such a design is compromised by the need to be sufficiently rigid to not disturb the
mouse during walking. While the design utilised to measure GRFs in ants [30] might be
more susceptible to breakage, the other four sensor designs [26,56,59,60] all appear to be
suitable choices.

In summary, to measure 3D GRFs for individual paws during mouse gait, we recom-
mend adapting one of the four structures outlined in [26,56,59,60] using resistance strain
gauges. The structure in the locust study [59] was used only with semiconductor strain
gauges, and therefore sufficient sensitivity cannot be guaranteed when combined with
metal strain gauges instead. On the other hand, the structures used in the rat, lizard,
and chick studies [26,56,60] were already constructed with metal strain gauges, and thus
their sensitivity after adaptation is likely to be sufficient. For our upcoming study, which
will measure GRFs in mice per paw before and after bone surgery, we have chosen to
adapt the mechanical design of the locust study [59] and to use resistive strain gauges as a
sensing technique. Nevertheless, no matter what design is chosen, the miniaturised needs
to be tested extensively to ensure the quality of the measurement, particularly the effect of
changing the dimensions of the plate on the natural frequency and the sensitivity, as well
as the position of the sensors on the uniformity of the measurement.
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