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Design and Evaluation of a
Robotic Device for Automated
Tail Vein Cannulations in Rodent
Models
Preclinical testing in rodent models is a ubiquitous part of modern biomedical research
and commonly involves accessing the venous bloodstream for blood sampling and drug
delivery. Manual tail vein cannulation is a time-consuming process and requires signifi-
cant skill and training, particularly since improperly inserted needles can affect the
experimental results and study outcomes. In this paper, we present a miniaturized,
robotic medical device for automated, image-guided tail vein cannulations in rodent
models. The device is composed of an actuated three degrees-of-freedom (DOFs) needle
manipulator, three-dimensional (3D) near-infrared (NIR) stereo cameras, and an animal
holding platform. Evaluating the system through a series of workspace simulations and
free-space positioning tests, the device exhibited a sufficient work volume for the needle
insertion task and submillimeter accuracy over the calibration targets. The results indi-
cate that the device is capable of cannulating tail veins in rodent models as small as
0.3 mm in diameter, the smallest diameter vein required to target.
[DOI: 10.1115/1.4038011]

1 Introduction

Accessing the venous bloodstream of rodent models for drug
delivery or blood sampling is often required for studying biologi-
cal genotypes [1], performing molecular imaging [2], or injecting
cells [3] or therapeutics [4]. In each case, repeatable, accurate nee-
dle insertion plays a key role in driving reliable results [5]. Poorly
inserted needles can lead to high levels of variability and poten-
tially erroneous test results in animal studies. Additionally,
improperly placed needles can result in damage to the vessel and
surrounding tissue structure, pain, and trauma to the animal, and
lengthened time to complete the procedure [6].

Traditionally, the needle insertion is performed manually by
hand, where success rates depend on technical skill [2]. The most
common vein used for needle insertion in rodents is the lateral tail
vein, which for a typical lab mouse and rat is approximately 0.3
and 0.5 mm in diameter, respectively [7,8]. Due to the small size
of the vessels, oftentimes, they are difficult to localize and punc-
ture. For example, in an experiment performed by Groman and

Reinhardt [9], three trained technicians were each tasked with
injecting ten different mice with colloidal gold. Out of 30 injec-
tions, ten were deemed mis-administered. Moreover, only 1 out of
30 injections was deemed qualitatively poor at first, before being
quantified via imaging for proper dispersion of injected volume
within the tail. This finding suggests that a technician may be
unaware of whether the needle insertion was successful.

Additionally, any sudden animal movement due to initial nee-
dle insertion and vasoconstriction of veins from anesthesia can
increase difficulty in accurate needle insertion [10,11]. Steps may
be taken during the animal preparation can include soaking the
tail in warm water, using a chamber to raise the body temperature,
or physically restraining the animal [10,12]. However, these meth-
ods are time consuming, can introduce experimental variability,
and do not always result in improved cannulation success rates.

Imaging systems, such as X-ray computed tomography, mag-
netic resonance imaging, near infrared (NIR), and ultrasound,
have shown promise for assisting technicians in visualizing small
animal vessels [6,13]. However, manual needle insertion remains
a challenging procedure, requiring a high degree of dexterity and
visuomotor coordination.

Recently, several robotic systems have been developed for
automated venipuncture in rodent models [14,15]. These devices
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combine the benefits of an imaging modality to enhance vein
detection with robotics to accurately introduce the needle into the
target vessel. For example, Waspe et al. designed a robotic needle
positioning system for image-guided interventions in small ani-
mals [16]. This system utilized two rotational and one linear
degree-of-freedom (DOF) to manipulate the needle position and
orientation about a remote center of motion. Needle positioning
testing for this remote center of motion-based device resulted in a
free space accuracy of 54612 lm and 91621 lm for the pitch
and roll axis, respectively. However, robot calibration was time
consuming (i.e., over 1 h) requiring an average of five to six cali-
bration iterations per axis. Additionally, these calibrations were
dependent on the cannula, meaning recalibration is necessary
when replacing the needle. As another example, Ayadi et al.
developed a system which combines a 6DOF robotic arm with a
structured light imaging unit for three-dimensional (3D) visualiza-
tion [17]. Position testing resulted in an accuracy of <0.5 pixels
for the needle tip and 0.06 deg for the needle direction control.
This system also required a separate, bulky structure for mounting
the imaging components.

Despite the promising results in these studies, these prototype
systems are relatively large and rely on complex mechanisms for
needle positioning and insertion. Due to the large footprints, it
would be challenging to run multiple devices simultaneously in a
lab for the purpose of expediting preclinical testing. Furthermore,
both systems require a lengthy and complex process to setup for
animal testing.

To overcome these limitations, our group is developing a mini-
aturized and compact robotic device for automated tail vein inser-
tions in rodent models, as pictured in Fig. 1. Using only 3DOF,
the system is able to rotate 180 deg about the circumference of the
tail to identify subcutaneous vessels, automatically select the opti-
mal point of insertion, and then introduce a needle into the target
vein. Three-dimensional NIR stereo imaging is used to localize
veins and precisely control needle positioning, while a holding
platform is used to ensure that the tail and animal remain fixed
during the procedure. As seen with the development of a veni-
puncture device for humans, we hypothesize that this system will
yield both an increase in accuracy and a decrease in procedure
time [18]. Our target accuracy requirement is a 0.3 mm tail vein
diameter—the smallest diameter of a mouse tail vein.

In this paper, we describe the mechanical designs of the device
and evaluate the positioning accuracy of the needle manipulator.
Sections 2.1–2.3 of this paper break down the device into its three
main components: (1) the needle manipulator assembly, (2) imag-
ing unit, and (3) animal-holding platform. We then analyze the
workspace and kinematics of the device and perform a series of
free-space positioning studies to evaluate accuracy, precision, and
repeatability.

2 Device Design

Key factors to consider when choosing a vein for cannulation
include vein accessibility, size, and visibility. These can vary for
different rodent models depending on skin pigmentation, internal
tissue structures, and species [9,10]. Other physical variables such
as sudden animal movements or vasoconstriction due to bodily
heat loss can further complicate the procedure [10,19]. Our system
addresses these factors by using 3D NIR imaging coupled with a
robotic needle manipulator to ensure precise needle control and
improved insertion accuracy. Additionally, the system includes a
physical restraint for the animal, reducing unpredictable motion
without inducing unnecessary trauma.

Due to the small size of the device (i.e., 33 cm� 10 cm� 5 cm),
a testing facility could use multiple devices in parallel to expedite
throughput of tail vein punctures. Due to the unique mechanism
combinations on the device, the needle manipulator and imaging
components need only 3DOF for 180 deg of rotational freedom
about the tail center when localizing insertion points. The device is
comprised of three main components, each described in the

following sections: needle manipulator assembly (Sec. 2.1), imag-
ing unit (Sec. 2.2), and animal-holding platform (Sec. 2.3).

2.1 Needle Manipulator Assembly. Both the needle manipu-
lator and the imaging unit are seated on a custom-designed fric-
tion gear ring, laser cut from a 1/4 in cast acrylic sheet. This
configuration ensures that the imaging unit maintains an optimal
field of view with respect to the needle insertion point and the tail
of the animal. The rotating ring utilizes a friction gear mechanism
to grant the 180 deg angle approach on the topside of the tail, as
shown in Fig. 2(a). Detection of veins with this approach enables
the device to inject either the dorsal or lateral vein. The friction
gear, modeled after a hollow ring gear, was implemented because
of lower backlash, compared to a spur gear drivetrain. Friction
gears also carry other beneficial features, such as backdrivability,
as well as protecting the motors, which contain rigid gearheads.
The degree in which the rubber drive wheel attached to the motor
is pressed into the friction gear is also adjustable, allowing for
controlled variability of the force threshold for slip. Additionally,
fine teeth (0.5 mm� 0.5 mm) were cut on the outside edge of the
friction gear to reduce slip. The manipulator is mounted to the
friction gear using a linear slider (McMaster-Carr, PN:
8381K290) and a vertical alignment attachment, as shown in
Fig. 2. These work tangentially with an adjusted rack and pinion
setup (designs adapted from Stock Drive Products and Sterling
Instrument, Hicksville, NY) to allow for smooth vertical motion
of the manipulator. A positioning plug ensures that the helical pin-
ion rotates along its longitudinal axis, whereas adjustable screws
can be used to control teeth-meshing of the rack and pinion. Both
the main rack of the needle manipulator and the helical pinion
used for vertical movement are designed to maintain a fixed

Fig. 1 Design of the robotic device for automated tail vein
insertions in rodent models: (a) isometric view illustrating the
needle manipulator assembly, imaging unit, rodent model, and
animal holding platform and (b) side view of the device high-
lighting the imaging unit, LED array and motor controllers hid-
den under the holding platform
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20 deg needle insertion angle. After consulting with numerous lab
technicians, this angle was determined to be optimal for vein
cannulation.

For the needle insertion degree of motion, a chain of mecha-
nisms (as shown in Fig. 2(d)) was designed combining a worm,

worm gear, drive axle, and rack/pinion system (designs adapted
from Stock Drive Products and Sterling Instrument, Hicksville,
NY). This allowed for the centering and realignment of the motor
with respect to the center of mass on the needle manipulator. To
compensate for backlash in the mechanism, the following modifi-
cations were implemented. The rack and pinion gears were laser
cut from acrylic and included slots instead of screw holes to pro-
vide better control over teeth-meshing depth. The worm and spur
gears were also rapid prototyped to ensure precise fabrication of
the customized components. The needle (Harvard Apparatus
winged infusion needle, 25G, 19 mm length) sits in a disposable
adapter that allows for easy attachment and removal from the
manipulator by use of an embedded magnet. Quick and easy
decoupling of the needle from the robot is important to minimize
manipulation of the tail before injecting or aspirating fluids with a
syringe. The needle reported in this paper—0.51 mm in
diameter—is suitable for cannulation in both rats and mice. The
system can easily be adapted to other needle diameters and
lengths, or to precision syringes (e.g., Hamilton syringes) by inter-
changing different needle adapters.

In total, these three degrees of motion give the system approxi-
mately 1600 mm3 of workspace in which it can position a needle
for successful tail vein cannulation. While the first DOF (hFG)
uses a 16-mm-diameter DC brushed motor assembly (Maxon Pre-
cision Motors, RE-16), the second and third DOF (ZNM, Dins

respectively) use 10-mm-diameter DC brushed motor assemblies
(Maxon Precision Motors, RE-10). Gearheads and encoders for
the motor assemblies were chosen to ensure precise motion con-
trol and needle positioning. Table 1 lists the gear ratios, encoder
counts per revolution, and resolution for each motor in the system.
Mechanism gear ratios per DOF were derived from calculations
specific to each axis-of-motion and their respective external gear-
ing mechanism. Despite the high resolution in the motor assem-
blies, there is inherent backlash in the gearheads and external
gearing mechanisms resulting in a slight reduction in the reported
resolution. Finally, all the motor controllers are housed under-
neath the platform. Each DOF is controlled by individual motor
drivers (Maxon Precision Motors, EPOS2). Using a USB2CAN
communication protocol, these motor drivers are daisy-chained in
a master-slave control network. The master console is connected
to the host processor via USB (1 MB/s transfer rate), while trans-
mit and receive signals are sent between the master and slave
devices.

2.2 Imaging Unit. The imaging unit is mounted to the rotat-
ing friction gear ring for an eye-in-hand configuration. This unit
contains miniaturized NIR cameras (VRMagic, PN: VRmMS-12)
angled 40 deg and 10 deg (hFG-ZX and hFG-ZY) with respect to the
friction gear coordinate frame, as shown in Fig. 3(b), to ensure the
vessel and needle remain in the field of view throughout the pro-
cedure. Stereo cameras are used for 3D visualization of the tissue
and needle. Fixated on the bottom of the rotating friction gear
across from the cameras is an array of LEDs (760 nm and 940
nm). The LED configuration enables transillumination through the
tail, providing constant light without concern for change in hFG,
as the friction gear rotates. In this fashion, transmitted light from
underneath the tail is captured by the cameras above to provide
internal tissue structure imaging.

Table 1 Motor parameters for each degree of motion

DOF hFG ZNM Dins

Motor diameter (mm) 16 10 10
Gearhead ratio 84:1 64:1 64:1
Encoder count (cpt) 512 512 512
Resolution (deg/ct) 0.0021 0.0055 0.0055
Mechanism gear ratio 2.3:1 25.1:1 2.4:1

Fig. 2 Depiction of the three degrees of motion. (a) hFG and its
relative coordinate frame on the holding platform. The axis of
rotation is denoted as AoR. Additional components such as the
light-emitting diode (LED) array and the tail clamp arm are also
labeled. (b) Side and (c) front view of ZNM. This DOF is achieved
using a rack and pinion mechanism with a helical pinion at
2 deg to align the motors with the insertion angle. (d) Dins and
its chain of mechanisms linked together, which directly con-
trols the needle insertion, and allows the needle path to remain
parallel to the drive motor axle. Inset shows the slot design for
finer control over mechanism backlash.
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Near-infrared imaging is optimal for visualizing blood vessels,
specifically veins, due to reduced scatter of NIR light on the skin
surface and increased hemoglobin absorption in veins [18].
Images are captured by the cameras and sent to the host processor
for analysis. A compact PC (ASUS Intel Core i7-4720HQ) in con-
junction with a graphics card (NVIDIA Quadro M4000) was uti-
lized for the experiments conducted in this study. In this setup, the
graphics processor handles the image processing routines,
whereas the central processing unit handles the robotic kinematic
controls and user interface. Software for the kinematics, motion
control, and image processing was written in LabVIEW.

Stereo vision techniques are applied to compute the 3D position
of a cannulation target on the lateral tail vein of the animal. The
pair of NIR cameras were calibrated in an offline manner using an
independent motorized Cartesian stage and a rectilinear pattern
grid with circular control points. In the calibration process, we
first determined the internal parameters of each camera to correct
for geometric distortions; we then solved for the projective map-
ping that transforms the original image pair into a rectified image
pair [20]. Once calibrated, the cameras were fixed in place and
mounted to the device.

During the procedure, the device uses the NIR stereo cameras
to scan for the lateral veins running along the tail. We applied ves-
sel enhancement and segmentation algorithms, as described in
Chen et al. [18], to extract the centerlines of the vessels with sub-
pixel accuracy. Since there are only two lateral veins in the tail,
the stereo reconstruction problem is reduced to identifying corre-
sponding points of the segmented vessels along the horizontal epi-
polar lines of the rectified image pairs. This approach
substantially simplifies the 3D localization process compared to
standard methods of stereo correspondence on raw intensity
images, and dramatically reduces the computational effort. The
3D coordinate of the selected cannulation target is relayed to the
manipulator based on the known camera-to-robot registration
transformation. Uncertainty in the co-registration transform is
minimized using the free-space calibration routine described in
Balter et al. [21].

2.3 Animal-Holding Platform. The platform functions as a
restraint for the animal and provides structure to the full device.
The rotating friction gear rotates about the center of the tail chan-
nel on the main gear plate, as illustrated in Fig. 2(a). This plate
bridges the platform to the rotating gear and therefore the needle
manipulator and imaging unit.

To reduce animal movement during needle insertion, the hold-
ing platform includes tail clamps and a bumper to steady the base
of the tail. The clamps are positioned to apply pressure approxi-
mately two-thirds down the length of the tail from the base,
enhancing visibility of the veins, as shown in Fig. 1(b). A heated
pad (Kent-Scientific, PN: TPZ-814EA) on the animal-holding

platform helps regulate the body temperature of the animal and
reduce vasodilation within the extremities. The pad is maintained
at a temperature of approximately 37–38 �C [11]. A disposable
cover is placed over the pad to ensure sterility between test ani-
mals. Comprised mostly of 3D-printed acrylonitrile butadiene sty-
rene plastic and laser-cut acrylic, the platform itself can be
cleaned with alcohol wipes between procedures.

3 Experimental Results

The system was developed for highly accurate and repeatable
needle positioning, with the capacity to cannulate vessels as small
as 0.3 mm in diameter. To achieve this, we created a 3DOF robot
that consisted of novel mechanisms to minimize backlash at the
joints. Kinematics were derived based on the robot geometry to
correlate joint frames in the needle manipulator. Using the kine-
matic equations, free-space positioning experiments were con-
ducted on a simulated rat tail (i.e., a cylindrical test rig with
uniformly spaced calibration dots) in which the robot positioned
the needle tip on the surface of the test rig. As noted in Fig. 4, the
global z-axis of the device points downward. This is done to create
a coordinate frame in which the needle insertion is a positive
motion.

3.1 Workspace Analysis. Forward kinematics, Eqs. (1)–(3),
were used to compute the needle tip position (XN, YN, ZN) based
on a given set of joint angles (hFG, ZNM, Dins)

XN ¼ Dins � cosð20�Þ (1)

YN ¼ cotðhFGÞ � ðZNM þ Dins � sinð20�ÞÞ (2)

ZN ¼ ZNM þ Dins � sinð20�Þ (3)

Inverse kinematics were used to compute joint positions based
on a desired needle tip position. There was only one unique solu-
tion in the inverse kinematics for a given needle tip position. The
trigonometric calculations for the second and third degree of
motion were based off the coordinate frames highlighted in Fig.
2(b). The origin of the animal-holding platform, as illustrated in
Fig. 1, was also centered in the opening of the main gear plate
component. Using these equations, we ran a series of kinematic
simulations to determine the dexterous workspace of the robot.
The needle tip, not the needle holder tray, was used for the calcu-
lations due to variability in needle lengths and gauges.

As illustrated in Fig. 4, the actual workspace was compared to
the desired workspace to ensure the system could reach target
points of insertion in the rodent tail. Additionally, the calibration
cylinder was modeled to determine the robot’s ability to place the
needle tip at each of the desired calibration targets. The range of
travel for each DOF was: 690 deg for hFG, 8 mm for ZNM, and

Fig. 3 Key components of the imaging system: (a) cross-sectional illustration of a rodent tail anatomy, (b) front (i) and side
(ii) views of the imaging unit, with labeled camera angles, and (c) NIR tail vein imaging and segmentation. Image acquired
under visible light (i), corresponding image acquired with the NIR imaging system using the transillumination method (ii), and
tail vein segmentation applied to the NIR image (iii).
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8 mm for Dins. These values were used to compute the dexterous
workspace of the system: (1550 cm3).

3.2 Position Testing. Using a cylindrical calibration model,
free-space positioning experiments were performed to assess the
accuracy and precision of the system within the operating

workspace. A calibration rig comprised of 1 mm diameter circular
targets uniformly spaced (1.8 mm center-to-center) over a cylin-
drical grid was used for the experiments, which was rigidly
mounted to the device. The cylindrical calibration model was
4.6 mm in diameter, to mimic the diameter of a rat tail, with a grid
pattern of 5� 5 (x� y, relative to the global coordinate frame in
Fig. 1(a)). Figure 5(b) illustrates the location of the calibration tar-
get on the device.

To evaluate repeatability, ten positioning trials were conducted
for each target, producing a total of 250 tests over the operating
workspace of the robot. For each trial, the needle started in the
home position; then, the device moved the needle tip to the
desired circular target on the surface of the test rig. The system
computed the desired joint angles required to position the needle
tip at each target using the kinematic equations. Once the device
completed the position move, images were acquired on the left
and right cameras to compute the 3D location of the needle tip
and circular target. Afterward, the device returned the needle to
the home position before moving to the next location on the cali-
bration model.

After the experiments, actual needle tip positions were com-
pared against desired target locations to compute errors and stand-
ard deviations in the system. Desired target positions were
obtained from the design model since the calibration cylinder was
rigidly mounted to the device. To compute the actual needle tip
positions, we used a second set of calibrated stereo vision cameras
situated above the device, as shown in Fig. 5(a). These cameras
were not mounted on the device and used for image guidance, but
rather, were just used for the positioning trials.

Due to a slightly obstructed field of view of the calibration rig,
needle positioning experiments were conducted within a range of
670 deg on the hFG DOF. Positioning accuracy for the remaining
hFG range can be extrapolated based on errors observed from test-
ing at lower rotational angles. Figure 5(c) shows images from the
left and right camera, with the needle tip positioned on the calibra-
tion target.

Images were analyzed after the experiments to obtain 3D posi-
tion data using the following steps: First, the needle tip and circle
target were manually extracted from each set of images, and their
real-world positions were determined. The desired coordinates of
the circular targets were extracted from the design model with
each target defining a unique 3DOF pose (hFG, ZNM, and Dins). By
computing the positioning error at each calibration target over the
ten trials, accuracy and variation were obtained.

Averaging over the 25 targets and ten trials, root-mean-square
errors were 0.157, 0.175, and 0.201 mm for x, y, and z, respectively.
Meanwhile, the mean absolute errors were 0.126, 0.149, 0.152, and
0.355 mm for x, y, z, and magnitude, respectively. Table 2 summa-
rizes the results from the experiments, highlighting the mean, maxi-
mum, standard deviation, and variability. The overall variability in
the system was 0.17 mm—computed as the mean standard devia-
tion of the needle tip position across all trials in x (0.148 mm), y
(0.152 mm), and z (0.210 mm). The variability in the experimental
setup (e.g., camera calibration) was 0.1 mm—computed as the
mean standard deviation of the circle center position across the tri-
als in x (0.065 mm), y (0.096 mm), and z (0.139 mm).

Fig. 5 Free-space needle positioning tests: (a) the experimen-
tal setup using the cylindrical calibration rig and a secondary
set of stereo cameras situated above the device as labeled in
the figure, (b) stereo images from the left and right cameras
during testing, and (c) images magnified 53, and the needle tip
manually selected to compute the 3D position

Table 2 Magnitude of errors and variability in needle positioning
tests (25 targets; n 5 10 trials). All units in millimeters.

Mean Max StDev

Error magnitude 0.355 1.632 0.227

X Y Z

Needle tip root-mean-square errors 0.157 0.175 0.201
Needle tip mean absolute errors 0.126 0.149 0.152
Needle tip S.D 0.148 0.152 0.210
Circle center S.D 0.065 0.096 0.139

Fig. 4 Depiction of the actual (left) versus desired (right) work-
space for the needle insertion task

Journal of Medical Devices DECEMBER 2017, Vol. 11 / 041008-5



Plotting the mean positioning errors in x, y, z, and magnitude, a
series of error maps were generated across the operating work-
space, as shown in Fig. 6. These error maps could then be applied

to the system for calibration purposes, compensating for subtle
inaccuracies in the construction of the robot, kinematics, and cam-
era calibration. Specifically, by subtracting out these errors accord-
ingly, calibrated offsets can be included in the motion control
system to reduce needle positioning errors. Furthermore, motor ser-
vos in the device were monitored throughout the testing to ensure
low errors between the desired and actual motor positions. This
was done to investigate the source of errors during the needle posi-
tioning trials, which could arise due to low-level motor errors,
mechanical instability, or camera calibration. Figure 7(b) displays
plots comparing the desired versus actual signals of each motor.
Actual positions were measured using the attached quadrature
encoders on the back-end of the motors. Steady-state errors were
0.005 deg 0.01 mm, and 0.03 mm for hFG, ZNM, and Dins, respec-
tively. Lag between commanded and actual positions could be
reduced by increasing the movement speed of each joint.

4 Conclusions and Future Work

In this paper, we presented the design and evaluation of a robotic
device for automated rodent tail vein cannulations, which are
among the most commonly performed procedures in preclinical
research settings. We designed the device to be substantially sim-
plified and more compact than existing prototypes described in the
literature [14–17]. This paper has focused on the mechanical design
and engineering testing of the device. The results of the workspace
analysis and free-space positioning experiments provide evidence
that the system has the precision and accuracy required for needle
insertion into tail veins as small as 0.3 mm in diameter.

The current device is designed for use in anesthetized animals.
However, the described needle manipulator may be adapted for
attachment to commercial animal holders and restraints to mini-
mize the need for anesthesia, which may be undesired in some
preclinical testing scenarios. Alternatively, it may be possible to

Fig. 6 Maps of mean absolute error interpolated over 25 cali-
bration targets in (a) x, (b) y, (c) z, and (d) magnitude averaged
across ten trials (units in millimeter). Origin corresponds to top
left circle in calibration grid, and axes correspond to the global
device coordinate frame.

Fig. 7 Low-level motor errors during position testing over 30 s
interval, showing desired (solid line) versus actual (dotted line)
signals for each DOF: (a) hFG, (b) ZNM, and (c) Dins
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use the device in a handheld manner, for example, by eliminating
the animal platform and clipping the manipulator directly to the
tail. Subsequent studies will investigate the range of potential
form factors for the device. Additionally, we will implement
methods to apply the needle tip offsets identified in the position-
ing studies as correction terms in the kinematic equations, thus
compensating for systematic robot errors. If needle bending is
observed during testing, using a different cannula or adjusting the
angle of insertion may help resolve the issue. We will also evalu-
ate the NIR imaging and image analysis techniques deployed in
the system to determine how these processes affect tail vein visu-
alization, segmentation, and localization.

To test these new device advancements in a systematic manner
and assess the effects of animal variability on device performance,
we will utilize customizable tissue-mimicking phantom models
tuned to simulate the mechanical and optical properties of the rat
tail and vessels. Finally, in vivo evaluations will be conducted on
live rodent models to compare cannulation success rates and blood
sampling repeatability to results obtained by manual techniques.
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Nomenclature

AoR ¼ axis of rotation
Dins ¼ insertion motion of needle manipulator

LED ¼ light-emitting diode
NIR ¼ near infrared
ZNM ¼ Z-motion of needle manipulator
hFG ¼ friction gear rotation about the X-axis
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