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Background: Movement disorders such as cerebral palsy (CP) are frequently associated with joint and muscle stiffness, often evaluated using subjective clinical methods like the Modified Ashworth Scale or Tardieu Scale. These approaches lack precision and reproducibility, particularly in preclinical models, limiting their utility in translational research.Methods: This study presents the development of a low-cost, open-source torquemeter device tailored for use in a neonatal rabbit model of CP. The device is designed to quantify joint stiffness objectively by measuring torque across a range of controlled joint rotation speeds, a key factor in evaluating hypertonia associated with spasticity and dystonia. The construction process is straightforward, with all components being either commercially available or 3D-printable and requiring only basic assembly tools.Results: The torquemeter demonstrated precise, reproducible measurements of torque and joint stiffness in pilot studies, validating its applicability in preclinical settings. By eliminating subjective biases, the device provides robust data to assess the effectiveness of therapeutic interventions targeting spasticity.Conclusion: This low-cost torquemeter offers an accessible, reliable tool for preclinical movement disorder research. Its ability to quantify limb stiffness with high precision enhances the evaluation of treatment strategies in CP models, paving the way for improved therapeutic development and outcomes.Keywords: cerebral palsy, joint stiffness, torquemeter, spasticity, dystonia, preclinical research, open-source device, arduino
BACKGROUND
Movement disorders such as cerebral palsy, stroke and spinal cord injury often include components of hypertonia, spasticity, dystonia and rigidity. To make advances in treating each disorder and its components, using animal models, deficits animal models must be carefully quantified using specialized devices. Measurement of torque is most useful for stiffness, rigidity and dystonia (particularly hypertonia). Previously, torque measurements were used to characterize hypertonia in animals (Drobyshevsky et al., 2012), but details on how such a device was constructed were unclear, and no device for torque measurement in animals is commercially available. Therefore, we are sharing methods to create a low-cost, open source device that we use to evaluate limb stiffness in a rabbit model of cerebral palsy, in hopes that it will be useful to others studying motor dysfunction in animal models.
While there are many methods used for quantifying hypertonia, spasticity, dystonia and rigidity across humans and animals, few methods are consistently used in both clinical and preclinical studies. Spasticity is historically defined as velocity-dependent increase in muscle stretch reflexes associated with increased muscle tone as a component of upper motor neuron syndrome (Lance, 1980; Sanger et al., 2003). There is less agreement on the exact definitions of dystonia and rigidity, and whether they are different phenomena, but both involve stretch-and-effort-unrelated, involuntary muscle activity including co contraction of antagonistic muscle groups (Sanger et al., 2003; Lorentzen et al., 2018). Clinicians may use one or more diagnostic tools or assessments available to classify spasticity, dystonia and rigidity (Australian Spasticity Assessment Scale [ASAS] (Love et al., 2016), Barry Albright Dystonia Scale [BADS] (Barry, VanSwearingen, and Albright, 1999), Dyskinesia Impairment Scale [DIS] (Monbaliu et al., 2012), Dyskinetic Cerebral Palsy Functional Impact Scale [D-FIS], and the Hypertonia Assessment Tool [HAT] (Marsico et al., 2017; Stewart et al., 2021). The gold standard is assessment of neurologic exam videos by expert consensus (Albanese et al., 2013; Luc and Querubin, 2017; Albanese et al., 2023), but this qualitative analysis is difficult to translate to animal models. Another potential complication in rigorous quantification is the high degree of variability in presentation, including which limbs are affected, the severity of the impairment, and under which conditions the disordered movement is most prominent. Thus, it is important to evaluate both sustained and stretch-evoked stiffness of the limbs for clinical categorization, as well as to assess any changes that might result from different activities or therapy.
Historically, modified Ashworth and Tardieu scales have been used to quantify dysfunction of the affected limbs in cerebral palsy. They are easily accessible ways to score the stiffness of a joint during passive movement (Akpinar et al., 2017; Held and Pierrot-Deseilligny, 1969). These assessments do not require any specialized equipment and are quick and simple to perform, making them popular choices in clinics and research labs. Modified Ashworth simply involves rating the stiffness or resistance to passive movement around a joint on a subjective scale of 0–4. The Tardieu scale improves upon the Ashworth scale in the inclusion of velocity as a factor that can modify stiffness due to the activation of stretch receptors (Patrick and Ada, 2006), but still depends on the clinician to rotate the limbs of the subject at 3 (subjective) speeds and measure the catch angle with a goniometer. Dynamic range of motion and the pendulum tests are similar but both typically include use an accelerometer to more precisely measure the acceleration of the limb and to control for varying range of motion in slow/passive conditions and fast conditions which evoke a spastic catch (Jóźwiak, 2001; Szopa et al., 2014; Fowler et al., 2000). However, there are factors in all of the above scales that are highly subject to variability between those performing the scoring, including the speed of rotation around the joint, and the impact that the rater has in assessing spasticity (Nourizadeh et al., 2024).
Quantitative modes of testing hypertonia and rigidity have also been developed, including measurement of active vs. passive contributions to stiffness, but rarely are these tests applied to animal models of cerebral palsy. Noteworthy among clinical tests for stiffness are measurements of muscle elasticity using acoustic radiation force impulse (ARFI) elastography (Bilgici et al., 2018), real time sonography (Park and Kwon, 2011) and shear wave ultrasound elastography (Lee et al., 2016; Kwon and Kwon, 2021); measurements of active contractions of the agonist and/or antagonist muscles vs. passive stiffness of the joint or muscle using electromyograms (EMGs); measurement of catch angles more precisely than Tardieu using inertial sensors (van den Noort et al., 2009); and measurement of the contribution of stretch reflexes using tendon indentation (Chardon, Suresh, and Rymer, 2010) via an actuator. Many labs use torque to assess active and passive muscle/joint stiffness, starting with foundational studies in the laboratories of Thomas Sinkjær, Zev Rymer, Jens Bo Nielsen, and Robert Kearney (Galiana, Fung, and Kearney, 2005; Mirbagheri et al., 2007; Mirbagheri, Barbeau, and Kearney, 2000; Sinkjær and Magnussen, 1994; Nielsen et al., 1994; Nielsen and Kagamihara, 1993; Toft, Sinkjær, and Andreassen, 1989; Powers, Campbell, and Rymer, 1989; Powers, Marder-Meyer, and Rymer, 1988; Sinkjær et al., 1988). With use of a torquemeter, it is possible to avoid the subjectiveness of the modified Ashworth and better control the speed of rotation around a joint than the modified Tardieu scale. This is particularly important for clinical assessment of cerebral palsy, in which the speed of rotation around the joint can have an impact on the evoked spasticity (Wu et al., 2010; Sloot et al., 2021). Many studies use measurement of torque in and out of the laboratory setting, during passive leg movement, while evoking reflex responses or other perturbations and recording muscle activity using EMGs (Galiana, Fung, and Kearney, 2005; Mirbagheri et al., 2007; Mirbagheri, Barbeau, and Kearney, 2000; Wu et al., 2010; Drobyshevsky et al., 2015; Willerslev-Olsen et al., 2018). Some have used a motorized instrument to study passive resistance during ankle dorsiflexion at controlled speeds (Åhblom et al., 2024). One study even assessed leg stiffness using a robotic-assisted gait orthosis (Derrick et al., 2004) with a built-in torquemeter. Similar devices have also been employed in the study of stroke (Pennati et al., 2023), Parkinson’s Disease (Linn-Evans et al., 2020) and ALS (Stikvoort García et al., 2024). However, very few studies have applied measurement of torque to animal models of cerebral palsy, or spasticity more generally, making it more difficult to compare clinical and preclinical data. Careful use of joint torque measurements, along with other measurements can allow quantification of sustained rigidity of limbs, velocity-dependent spasticity, the active and passive properties that contribute to each, and their development over time in animal models (Cavarsan, Gorassini, and Quinlan, 2019).
In this paper, we describe the construction and specialization of a torquemeter (Figure 1), appropriately sized for newborn rabbits (or “kits”) between 1 and 18 days old, and which can be used to compare joint stiffness in an animal model of cerebral palsy. Newborn rabbits exposed to prenatal hypoxia-ischemia have prominent brain and spinal cord damage and motor dysfunction that is likely best described as rigidity or dystonia since there is not a prominent “catch angle” and limbs are somewhat fixed in abnormal postures (Cavarsan, Gorassini, and Quinlan, 2019). First, we will provide step by step instructions on how to build this device, how to calibrate the readings and how to operate it with live rabbit kits. We will then characterize the performance of the device in terms of speed and range of motion. Finally, we will show sample data that we have collected from our rabbits using our low cost, open source device.
[image: Figure 1]FIGURE 1 | Overview of the torque meter design. (A) View from the front, with the front side of the enclosure removed. (B) Top view.
METHODS
All experiments described in this paper were performed according to guidelines of the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978) and have been authorized by the University of Rhode Island’s Animal Care and Use Committee (Protocol AN1718-001). Details of the procedures have been published previously (Cavarsan, Gorassini, and Quinlan, 2019; Reedich et al., 2023; Derrick et al., 2004).
Build instructions
All the files used for 3D printing and laser cutting are open-source and freely available (see Data availability statement). A bill of material for building the device is provided in Supplementary Table S1.
Assemble the partition
The partition is used to separate the electronic components and protect them from fur and other projections that might fall through the opening on the top of the enclosure. Cut M2.5 threads in the four holes. Install nylon standoffs. Solder the Load Cell to the Load Cell Amplifier following the wire color code (the load cell we are using does not have a yellow wire. If using a different load cell, refer to the manufacturer’s datasheet for proper assembly). Solder four wires (approximately 10 cm in length) to the four pads on the other side of the amplifier (VCC and VDD are tied together). Attach the amplifier to the acrylic using the nylon standoffs. Slide the Load Cell through the slot in the partition wall so that it ends up on the other side of the partition (Figure 2A).
[image: Figure 2]FIGURE 2 | Assembly of the electronics. (A) Load cell and amplifier. (B) Preparing the bottom plate. (C) Installing the servo motor and Arduino board. (D) Preparing the PWM driver. (E) PWM driver in place. (F) All the electronics are in place.
Assemble the bottom plate
Tap the four holes for the Arduino Uno with M2.5 threads. Tap the two holes for the servo motor with M2 threads (Figure 2B). Install nylon standoffs and secure the Arduino Uno on the standoffs. Install the servo motor so that the axis is over with the alignment marker (this marker is included in the enclosure file and will be cut by the laser cutter) and the wires are pointing towards the Arduino Uno. Secure the servo motor using the M2 × 22 screws (Figure 2C). Snap in the rubber feet in the holes at each corner.
Assemble the back wall and PWM driver
Tap the four holes on the back wall of the enclosure with M2.5 threads for the nylon standoffs (Figure 2D). Assemble the PWM driver as per the instructions of the manufacturer. We added a large 1000 μF electrolytic capacitor to the board to prevent any dip in supply voltage. Solder 4 wires (approximately 10 cm in length) to the VCC, SCL, SDA, and GND pads on the left of the board. Insert a fifth wire (15 cm in length) to the V+ terminal block at the top of the board. Make a note of the I2C address of the board as it will be needed later in the Arduino sketches. By default, the address is 0×40 (Figure 2E).
Put the three pieces together
Using cyanoacrylate glue, assemble the three parts above as shown in Figure 2F. Connect all wires to the Arduino Uno as shown in the schematics. Make a note of the channel to which the servo motor is connected. In our case, the servo motor is connected to channel 15 (Figure 2F).
At this stage the three other walls can be glued in place. The box should now be fully assembled apart from the top lid.
Lid
Using a push pin to align the center of the 3D printed ball bearing housing with the alignment marker (Figure 2B), glue the housing to the bottom of the lid using cyanoacrylate glue. Once the glue is dry, insert the ball bearings in the housing (Figure 3). Using two 20–25 cm long wires, assemble the push button and install it in the hole in the corner of the lid.
[image: Figure 3]FIGURE 3 | Assembly of the lid. The lid is placed upside-down on a flat surface to glue the ball bearing housing and insert the ball bearings. Care is taken to align the ball bearing housing with the alignment mark cut into the lid as part of the laser cutting process.
Support beam and ankle brace
Using cyanoacrylate glue, glue neodymium magnets in the slots of the support beam, spacer, and ankle brace. Pay attention to the orientation of the magnets so that the pieces all snap together (Figure 4A). When the glue has fully cured, cut a small strip of foam and glue it to the inside of the ankle brace, and on the top of the spacer (Figure 4B). The foam is about 5 mm thick, and should leave a small space at the center of the ankle brace for the ankle. The foam prevents bruising of the ankle during the experiment.
[image: Figure 4]FIGURE 4 | Assembly of support beam. (A) Neodymium magnets are glued into the 3D printed pieces. (B) Small pieces of foam are glued to the inside of the ankle brace and the top of the spacer. (C) The load cell is secured to the shaft of one side and the support beam on the other.
Attach the support beam to the end of the load cell (the end without wires) using two M3 bolts and nuts. Place the other end of the load cell (side with the wires) inside the shaft and secure it with two M3 bolts and nuts (Figure 4C). To provide strain relief, use hot glue to attach the wires to the brim of the shaft.
Upload firmware
Before continuing with the build, edit the Arduino sketch “CalibTorqueMeter.ino” on your computer. Make sure that the I2C address for the PWM (constant “PWM_ADDRESS”) and the channel to which the servo motor is connected (constant “SERVO_PIN”) are correct. The firmware requires two external libraries, which can be installed using the library manager in the Arduino IDE (bogde, 2014; Adafruit, 2023). Compile and upload the sketch to the Arduino Uno board, then open the serial monitor tool of the Arduino IDE. You should obtain a screen similar to the one shown in Figure 5. Send the command “M90” to move the servo motor to 90° (substitute 90 by the angle you would like to use as the resting, baseline position of the arm when it is not moving).
[image: Figure 5]FIGURE 5 | Position the servo motor in the right position. Screenshot of the serial output of the calibration sketch. In addition to providing calibration, the sketch allows you to move the servo motor to the desired rest position by sending the command “M<angle>” through the serial monitor.
Finish assembly
Place the lid close to the assembled box. Route the wires of the button along the front wall and through the opening at the bottom corner of the partition wall. The two wires are plugged into Pin 11 and GND of the Arduino board (it does not matter which wire is connected to which pin).
Now that the servo motor is in the correct position, seat the shaft on top of the servo motor (Figure 4C) and close the lid so that the top of the shaft is inserted into the ball bearings. The apparatus is now fully assembled. We recommend not gluing the lid in case adjustments need to be made, but it can easily be taped in place.
Calibration
The first step is to calibrate the load cell so that the system outputs a value in gram-force or Newton (as desired). With the Arduino sketch “CalibTorqueMeter.ino” still loaded, as in Figure 4, flip the box to its side (Figure 6A). If it is not already, move the servo motor by sending the string “M<angle value>” (i.e., “M90” to move to the 90deg position) through the serial monitor, so that the load cell is parallel to the ground and the force exerted on the load cell is vertical (Figure 6B). With nothing but the ankle brace attached to the load cell, tare the load cell by sending a “T” through the serial monitor (Figure 6B). Attach a weight (appropriately sized for the maximum capacity of the load cell) to the ankle brace (Figure 6A). Send the command “W<weight in grams>” (i.e., “W200” for a 200 g weight). Check that the value displayed in the serial monitor [column “Weight (g)”] matches the weight that you used. The serial monitor will display a message showing the value of the scaling factor to use (3,394.58 in the example shown in Figure 6B). Calibration with only one weight is sufficient given the highly linear behavior of the strain gauge (Figure 6C).
[image: Figure 6]FIGURE 6 | Calibration procedure. (A) For calibration, a weight is attached to the strain gauge via a thread and a pulley system. The torquemeter was elevated above the table to prevent the weight from touching table (B). Screenshot of the output of the calibration sketch. (C) Calibration curve of the strain gauge obtained using a series of weights between 10 and 200 g. Positive weights on the x-axis indicate force applied in the clockwise direction, while negative values indicate forces applied in the counter-clockwise direction.
Edit the Arduino sketch “ArduinoTorqueMeter.ino” on your computer. As previously, make sure the constants defined at the top of the sketch (PWM_ADDRESS, SERVO_PIN, BAUDRATE, LOADCELL_DOUT_PIN, LOADCELL_CLK_PIN, BTN_PIN) match the configuration of your device. Enter the calibration factor obtained during the calibration procedure as the constant CALIBRATION_FACTOR (line 46). Compile and upload the sketch to the Arduino board. The device is now ready for use.
Operation instructions
The subject is laid on its side on top of the enclosure, taking care to place the hip joint at the center of rotation of the apparatus (Figure 7). The device is used in the same way whether the subject is awake or anesthetized (as would be done to measure non-neurally-driven contributions to stiffness). If the subject is awake, habituation to the device may require a few minutes. However, the whole advantage of the mechanical device is to remove variability due to the experimenter. The sole role of the experimenter is to gently hold the bunny kit in place, while the device goes through the motions and measurements without human intervention. One leg is extended and held at the ankle by a 3D-printed brace. This brace is held magnetically to a support beam, attached to one end of a rectangular load cell. The magnets were chosen so that the brace can be installed easily and one-handed, while the other hand is gently restraining the subject. A critical part of a good restraint is to tuck and hold the bottom leg under the body of the subject in order to avoid kicks with the leg not being tested (Figure 7). In case of kicking from either of the two legs, the trial is discarded and a new series of stretches is started until about 10 sweeps can be recorded without interference.
[image: Figure 7]FIGURE 7 | Positioning the rabbit kit in the apparatus. (A) The rabbit kit is laid down on the top of the torquemeter with its hip at the center of the axis of rotation. (B) The foot on the bottom is tucked under the body and held in place to avoid kicking (arrows). The leg on top is extended and secured in the ankle brace. (C) Once measurements for the first leg have been acquired, the rabbit is flipped on the other side and the same procedure is performed with the other leg, now on top. The dashed lines indicate the range of motion of the leg during the measurements.
The operation of the device is very simple. When the button on the lid is pressed, the arm makes a predefined back-and forth movement (the range is defined in the “ArduinoTorqueMeter.ino” sketch file). The movement continues as long as the button is pressed. While the arm is moving, the torque exerted on the load cell is measured and the angle and the torque values are output as tabular data on the serial port. Any software able to capture the data stream from the serial port could be used to record the data. We provide a simple software called “TorquePlotter” that allows saving the stream of data to a text file for offline analysis as well as plotting the data in real time for quick visualization.
1. Start the TorquePlotter software. Choose the appropriate serial port and baud rate and click connect (Figure 8A).
2. Select the folder in which the data will be saved (Figure 8B).
3. Enter the subject ID. This ID will form part of the data file name (in addition to the date and time) (Figure 8B).
4. Click “Ready!” (Figure 8B). The software is now ready to receive data from the Torque Meter.
5. Install the subject in the device. The hip joint should be placed at the center of the semicircle cutout, and the ankle should be held securely in the ankle brace. To accommodate subjects of different sizes, spacers of various heights are available.
6. Press the button on the Torque Meter. Data is streamed to the TorquePlotter software (Figure 8C). We typically collect 10 rotations per leg per subject.
7. When done, press the “Stop” button in the TorquePlotter software. This closes the data file and saves it to disk.
8. Repeat with the remaining subjects.
[image: Figure 8]FIGURE 8 | Data acquisition with the TorquePlotter software. (A) Setup of the serial connection (B). Select a folder for saving the data and a unique identifier for the subject that will be used to generate the data filename. (C) The data is streamed to the software and plotted in real time.
Statistical analysis
To evaluate device performance, the travel duration and travel distance of the ankle brace were recorded for more than 10 cycles at each preset speed. We assessed the accuracy of the system by comparing the effective cycle period and effective cycle amplitude to their corresponding target values. We tested whether the measured values fell within a predefined acceptable margin of error (±5%) from the corresponding theoretical value. Specifically, we used a one-sided one-sample t-test to determine whether the absolute difference between the measured and theoretical value was significantly less than 5% of the theoretical value. This test was performed separately for each speed condition and for each metric (cycle period and amplitude). A Bonferroni correction was applied to control for multiple comparisons, with significance set at α = 0.05/n (where n = 15 is the number of speed conditions). All tests were performed with python 3.12.8 and pingouin 0.5.5 (Vallat, 2018).
RESULTS
The torque meter is, by design, very simple. It uses off-the-shelf components that are robust, inexpensive, and pre-assembled, minimizing the skill-level required to assemble the device, and the risk of mistakes during assembly.
The torque meter consists of an enclosure, on the top of which a semi-circular cutout has been cut. The neonate rabbit subject (hereafter “kit”) is placed on top of the device and one of its legs is secured in an ankle brace (see below, Operation instructions) attached to one end of a load cell. The other end of the load cell is attached to a hobby servo motor in such a way that rotation of the servo causes the load cell to describe an arc of a circle, thereby moving the leg of the subject at the hip joint, along the semi-circular cutout of the enclosure (Figure 1). The load cell is secured to the servo by a 3D-printed shaft. The shaft is directly attached to the servo’s horn on one end and held vertically by a ball bearing attached to the top of the enclosure. We have observed that controlling the servo motor directly using one of the Arduino’s PWM pins while at the same time communicating with the load cell amplifier (see below) resulted in unacceptable jerks in the movements of the load cell. These jerks could elicit potential strong, unpredictable, and uncontrollable muscle contractions, particularly in cerebral palsy subjects, which could perturb the measurements. To ensure a smooth movement, we therefore chose to control the servo through a separate i2c-controlled PWM driver with a built-in clock. Although we are only controlling one servo, the model that we chose has 16 channels, which may seem excessive. However, as explained above, this driver has the advantage of being mostly pre-assembled, while remaining inexpensive, which makes it very easy to use even for novices.
The strain exerted on the load cell causes small deformations of the strain gauges, and therefore a small change in electrical resistance. This signal is measured, amplified, and digitized by the popular HX711 precision 24-bit analog to-digital converter. Again, this choice was made because there exist inexpensive boards with this chip and all its auxiliary components already pre-installed and configured, making it much easier to use. The data is sent as digital information to an Arduino, which then sends it to a recording computer.
Because the servo motor may draw more current than can be supplied by the Arduino +5 V pin, particularly when stalled, the servo is powered directly by the external power supply that also powers the Arduino board. The rotation of the servo motor is controlled by the Arduino. However, movements must be started only when the ankle of the subject is securely attached to the brace. Therefore, a button is conveniently placed on the top of the enclosure, close to the hand of the experimenter so that they may press the button with their free hand as soon as the subject is correctly positioned.
The whole system is supervised by an Arduino Uno, which, upon button press, initiates the rotation of the servo motor, collects the data from the load cell, and sends both data to a host computer via the serial line.
All the electronic components are bought pre-assembled. Only a handful of wires need to be soldered. The mechanical components are 3D-printed and can be adjusted to accommodate different sizes of animals. The enclosure is made of laser-cut acrylic, although a 3D printed version could easily be created, if a laser cutter is unavailable. All materials were 3D-printed in PLA and exhibited adequate strength of the age range studied here.
Validation and characterization
To further validate and characterize the device, we evaluated the hardware’s capability to operate at different velocities. To do so, we obtained high-speed video recordings using a smartphone (Pixel 4a, Google LLC) in slow-motion mode, capturing footage at 240 frames per second (Google, 2020) of the movement of the brace relative to the center of rotation. Using automatic analysis of the recorded videos [DeepLabCut v.2.3.5 (Mathis et al., 2018)], we determined the actual angular displacement at different time intervals. To evaluate the hardware’s performance, we then compared the effective angular displacement against the expected trajectory (derived from the parameters entered in the code of the software, i.e., initial angle, maximal and minimal angle, and cycle period).
The results of this analysis are summarized in Figure 9. Below 500 m of cycle period, the amplitude of the movement becomes truncated compared to the desired amplitude, and the arm moves too slowly, resulting in longer oscillation periods than requested in the software. However, for cycle periods longer than 500 ms (corresponding to speeds below ∼300 deg/sec), the device is able to faithfully follow the movement that was programmed in software. Although the servo motor is unable to generate very fast oscillations, the device’s performance is amply sufficient to meet the speeds commonly cited in the literature [20–270 deg/sec (Wu et al., 2010; Cavarsan, Gorassini, and Quinlan, 2019)].
[image: Figure 9]FIGURE 9 | Behavior of the torquemeter at different cycle periods. The effective period and amplitude of the oscillations (as measured on the high-speed video recording) was compared to the theoretical movement of the arm as programmed in the Arduino sketch. Effective period is the period of the oscillatory movement of the ankle brace (in seconds) normalized by the value entered in the Arduino sketch. Effective amplitude is the peak-to-peak amplitude of the movement (in degrees) normalized by the amplitude entered in the Arduino sketch. The axes show how these two quantities vary as the speed of the torquemeter varies from 2 s/cycle (equivalent to an angular speed of 45 deg/s) to 200 ms/cycle (or an angular speed of approximately 700 deg/s). Asterisks indicate speeds at which the effective amplitude or effective period deviated by more than 5% away from their target value (p < 0.0033).
Based on these results, we investigated the limb stiffness of control rabbit kits and rabbit kits having suffered a prenatal hypoxia-ischemia injury, a model of cerebral palsy (Derrick et al., 2004; Cavarsan, Gorassini, and Quinlan, 2019), in response to a passive stretch with a cycle period of 1 s. Figure 10 shows two examples of such recordings. The top traces are the raw data from the torquemeter, while the bottom traces show the torque values plotted against the angle of the ankle bracket. The limb stiffness corresponds to the absolute value of the slope of the linear regression line (Drobyshevsky et al., 2012). These traces are presented to illustrate the typical performance of the device during experimental use. These examples are not intended for comparative statistical analysis but rather serve to highlight the consistency and resolution of the measurements achievable in practice. The apparatus is capable of generating passive stretches of the kit leg around the hip and is capable of detecting differences in passive force between control animals and rabbit kit having experienced a prenatal hypoxia-ischemia injury.
[image: Figure 10]FIGURE 10 | Examples of recordings obtained from a control kit and a kit having experienced a prenatal hypoxia-ischemia injury. Both kits were 11 days old on the day of the measurement. The top trace shows the torque value measured by the apparatus as a function of time. The middle trace shows the angular displacement of the ankle brace as a function of time. The bottom gray curve is the torque value plotted against the angular displacement at every point in time. The thick line is the linear best fit line. The stiffness value corresponds to the absolute value of the slope of the regression line.
DISCUSSION
We present a novel, low-cost, open-source device specifically developed for the investigation of hypertonia in a rabbit model of cerebral palsy. This device has several advantages: first, it is inexpensive and easy to build, making it accessible to researchers with limited budgets. Second, it is open source, meaning that the design files are freely available and can be modified to suit specific needs. Third, it is precise and reproducible, providing reliable measurements of torque and joint rotation speed. Finally, the device is designed for use with a rabbit model of cerebral palsy (and is an appropriate size for use in adult rats) and can be used in combination with EMG and other techniques, allowing researchers to study spasticity, dystonia, and rigidity in a controlled environment.
Previous studies using torque in animals have not generally provided a guide for construction of the torquemeters they have used. One torquemeter that was described in the literature was used to measure joint torque and sarcomere length in an in vitro study of the isolated frog leg (Lieber and Shoemaker, 1992; Lieber and Boakes, 1988). Another study briefly described a torquemeter they constructed for use in cats (Tarler and Mortimer, 2003). More closely related to the current study, torquemeters have been constructed for use in rats and rabbits (Just, Pawlak, and Heppelmann, 2000; Leumann et al., 2015; Usuba et al., 2007; Nakazato, Song, and Waga, 2007) but designed for use in terminal or anesthetized preparations, and/or without enough detail to fully replicate construction.
Rabbits exposed to prenatal hypoxia-ischemia have been described as hypertonic (Tan et al., 2005; Drobyshevsky et al., 2012; Drobyshevsky and Quinlan, 2017; Synowiec et al., 2019). Motor deficits are variable, but limb stiffness is most common and they are hyperreflexic based on several measures [larger H/M ratio of the Hoffman reflex, and less rate dependent depression (Synowiec et al., 2019)]. Previous work has demonstrated both neural and non-neural contributions to hypertonia by measuring torque before and after anesthesia (Synowiec et al., 2019). Brain injuries in the rabbits are variable: roughly one-quarter of the kits that show motor deficits have cortical damage, while damage to the thalamus, basal ganglia, midbrain and brain stem are more common (Drobyshevsky et al., 2012). Aligning the presentation of each rabbit to a more commonly used clinical definition would be helpful to put both the rabbit model and our experimental results in context for the field of cerebral palsy research. However, there is no broadly agreed upon definition of what constitutes hypertonia that is not velocity dependent (as it appears not to be in the rabbit). It has at times been defined as “spastic dystonia” (Lorentzen et al., 2018; Denny-Brown, 1966), and as either rigidity or dystonia (Jethwa et al., 2010). Relevant to this classification, in a consensus statement from 2003, Sanger and colleagues stated (Sanger et al., 2003)
“Spasticity” is defined as hypertonia in which 1 or both of the following signs are present: 1) resistance to externally imposed movement increases with increasing speed of stretch and varies with the direction of joint movement, and/or 2) resistance to externally imposed movement rises rapidly above a threshold speed or joint angle. “Dystonia” is defined as a movement disorder in which involuntary sustained or intermittent muscle contractions cause twisting and repetitive movements, abnormal postures, or both.
and rigidity was described as
hypertonia in which all of the following are true: 1) the resistance to externally imposed joint movement is present at very low speeds of movement, does not depend on imposed speed, and does not exhibit a speed or angle threshold; 2) simultaneous co-contraction of agonists and antagonists may occur, and this is reflected in an immediate resistance to a reversal of the direction of movement about a joint; 3) the limb does not tend to return toward a particular fixed posture or extreme joint angle; and 4) voluntary activity in distant muscle groups does not lead to involuntary movements about the rigid joints, although rigidity may worsen.
According to these classifications, we would classify rabbits showing motor dysfunction after prenatal hypoxia ischemia as having dystonia (involuntary sustained muscle contractions causing abnormal postures), not rigidity, due to the tendency of the affected limbs to return toward a particular fixed posture (point #3 above). Based on these guidelines the neonatal rabbits would not necessarily be classified as spastic, despite the fact that they are hyperreflexic based on several measures, because there is no catch angle and we have not yet observed any change in torque with speed. Measurement of torque as described here is well suited to distinguish between spasticity (because the torque measurement would capture a catch angle and a change in stiffness at different speeds) and dystonia (because torque can also measure a sustained or chronic increase in stiffness, as shown in Figure 10). Another aspect of dystonia is involuntary movement evoked by sensory input to an unrelated body part. In order to thoroughly measure this feature, several distant muscle groups could be recorded with surface electromyograms (EMG) simultaneously to torque measurement. Thus, it is possible to incorporate torque measurements as described here into careful assessments of motor dysfunction in a preclinical animal model.
Measurement of joint torque can improve our ability to study mechanisms of hypertonia. One way to assess other neural contributions to stiffness are to perform torque measurements before and after sedation or with EMGs to assess contribution of altered activity of motoneurons/motoneuron drive (Willerslev-Olsen et al., 2018; Willerslev-Olsen et al., 2013; Synowiec et al., 2019). Agonist/antagonist co-contraction can result in neurally-driven hypertonia that is not related to stretch reflex activity. Additionally, sustained, or chronic hypertonia could be mediated by non-neural factors. Passive stiffness in the connective tissue of muscles contributes significantly to muscle stiffness (Willerslev-Olsen et al., 2018; Willerslev-Olsen et al., 2013). Spasticity is presumably mediated through disinhibition of spinal reflexes by loss of corticospinal-driven inhibitory tone in the spinal cord, though this has not been directly tested. Performing torque measurements before and after dorsal rhizotomy can distinguish between reflex-driven hypertonia and non-reflex driven hypertonia (Denny-Brown, 1966). Thus, measurement of torque in different experimental conditions can be used to assess relative contributions from these mechanisms in animal models.
Here we share here the methods to construct a torque meter easily and at low cost, in hopes that the availability of this device in research labs will advance our understanding of the mechanisms of hypertonia, and more accurately distinguish clinical presentation of rigidity, spasticity and dystonia. The device is, by design, easy to build and easy to use. A small period of habituation and training is nevertheless required for the experimenter. The only difficulty in using this device is to gently handle the kit to be able to place its foot in the brace, while at the same time preventing kicking (either using the foot in the brace or the opposite limb). With training and patience, it is possible to gently cup the body in one hand, restrain the opposite limb with the thumb of that same hand, leaving one hand free to manipulate the limb to be tested, place the foot in the brace using the convenient magnetic coupling, and press on the go button once everything is in place. Moreover, as this operation is repeated over several days, animals become accustomed to being manipulated and easier to handle.
One of the limitations of the current design is that it is devised for testing stiffness in the hindlimbs only. However, similarly to human patients (Sanger et al., 2003), rabbit kits can develop hypertonia in both forelimbs and hindlimbs after hypoxia-ischemia injury (Drobyshevsky et al., 2012). A future direction for this device is therefore to adapt it to allow it to be used for both limbs.
CONCLUSION
This paper presents a novel, low-cost, open-source device specifically developed for the investigation of hypertonia in a rabbit model of cerebral palsy. This device is inexpensive and easy to build, making it accessible to researchers with limited budgets. It is open source, meaning that the design files are freely available and can be modified to suit specific needs. It is precise and reproducible, providing reliable measurements of torque and joint rotation speed.
This torque meter offers researchers an accessible and reliable tool for preclinical movement disorder research. Its ability to quantify limb stiffness with high precision enhances the evaluation of treatment strategies in Cerebral Palsy models, paving the way for improved therapeutic development and outcomes.
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