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Abstract

Large animals pose unique challenges when collecting diagnostic radiographic images
due to the size and power constraints of current human-focused devices. A slit-scan radio-
graphic system mounted on a purpose-built robotic manipulator can provide a solution to
these imaging challenges. Accurate robotic motion over large spatial volumes is required
for the gamut of large animal imaging tasks. Thus, we calibrate the robot mechanism
parameters using motion capture measures and demonstrate that this system is able to
achieve diagnostic quality X-ray imaging capabilities.

Keywords: Denavit-Hartenberg parameters; least squares optimization; slit scan radiography

1. Introduction
Collecting diagnostic radiographic images of large animals using systems designed for

humans is difficult. The animals often do not fit into human-sized CT and MR machines,
and portable X-ray devices lack the power necessary to image through the thickest sections
of the animal [1–3]. Thick anatomic regions, e.g., the equine pelvis, abdomen, or withers,
pose these imaging challenges by absorbing and scattering the X-ray beam [4,5]. The
absorbed photons never reach the image detector, resulting in lost contrast and detail.
The scattered photons that reach the detector lower the signal-to-noise ratio of the image,
reducing contrast. The additional absorption can be resolved with longer exposure times,
higher beam current, or higher beam voltage. Increases in exposure time and beam current
attempt to overcome absorption by increasing the total number of photons that interact with
the object and subsequently reach the detector. However, scatter will reduce image contrast
no matter the length of the exposure. Longer exposure times and higher beam currents
will also increase the radiation exposure to everyone in the imaging volume, including the
animal handler and device operators [3] (pp. 30–34). The number of photons that reach the
detector unattenuated can be increased by increasing the peak voltage applied to the X-ray
tube. However, as the X-ray tube’s peak voltage is increased, the mechanism by which the
X-rays interact with tissue changes from photoelectric interactions to Compton interactions.
Since Compton interactions are not dependent upon the atomic number of the tissue, but
rather only the tissue’s electron density, the greater the percentage of Compton interactions
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the lower the tissue contrast [6]. Therefore, increasing X-ray tube voltage to achieve greater
photon fluence provides a diminishing return for tissue contrast.

A common method to reduce scatter is an anti-scatter grid. Anti-scatter grids can
be used to reject photons not traveling along the primary beam. Anti-scatter grids can
improve image contrast at the cost of higher patient doses to achieve a similar number
of photons reaching the detector. These grids are designed for specific source-to-image-
receptor distances due to the divergence of the beam [7,8]. This would require the operator
to change out the grid depending on the planned source-to-image-receptor distance and
may be difficult to maintain with the portable systems often used on large animals. This
makes anti-scatter grids non-viable in tandem with current practices.

Scanning slit projection radiographs use a narrow, fan shaped X-ray beam, linear image
detector array, and beam movement to produce a radiographic image [9]. This projection
method reduces scatter by having a low aspect ratio detector that results in scattered
photons being projected outside of the primary beam’s geometry, thereby not interacting
with the detector. Scanning slit projection can use lower X-ray exposures to produce similar
quality images to a conical beam and area detector but does require constant relative
motion between the patient and machine [9–12]. Having a fixed source and detector with
the patient moving would allow for the source and detector to be precisely aligned during
installation but limits the versatility of the machine. In the past, additional collimators
were used to produce the moving slits of radiation while otherwise keeping the source
stationary [9]. This method is impractical for arbitrarily sized animals whose anatomy may
not line up with the intended imaging area. Actuating the source and detector along a
single axis, such as the machine used by Melhem et al. [10], benefits from limited complexity
and being able to move along the long axis of the patient; however, this technique also
requires cooperation from the patient to orient themselves appropriately for the image.
Having full position and orientation control of the source and detector could enable the
same machine to produce a wide variety of images with little to no repositioning of the
animal—at the cost of needing to dynamically align the source and detector.

Serial robotic manipulators are well understood mechanical systems that can be used
for this application. Accurate imaging requires precise alignment of the fan-beam X-ray
source and the linear image detector, implying accurate knowledge of the manipulator
geometry. Denavit–Hartenberg (DH) parameters have been used to model serial manip-
ulators for decades [13]. Measuring these parameters by hand is challenging as external
features do not always align with the geometry of the DH parameters. Small errors in the
model parameters can also lead to large end effector positioning errors. Therefore, it is
necessary to calibrate the model parameters to be able to accurately position the source and
detector [14,15]. Thus, the purpose of this work is to configure a DH geometric model of a
12-axis robotic slit-scan radiographic imaging system, to optimize the model using motion
capture data inputs, and to assess the positioning accuracy of the resulting manipulator for
imaging tasks.

2. Materials and Methods
Each half of the robot—a source side and a detector side (Figure 1)—consists of three

prismatic joints followed by three revolute joints to give each end effector the desired
six degrees of freedom (DoF). A set of 12 motion capture (mocap) cameras (OptiTrack
Prime13x, Motive 2.3.1) was used to track retroreflective marker arrays attached to each
end effector of the robotic system [16].
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Figure 1. The Gantry-Activated Tomographic Robotics system. The source is in the left of the image,
and the detector is in the right of the image, both pointed in the general direction of the camera.

The detector used in this study is a Varex-Imaging DC Hydra photon counting detector
(Figure 2). The detector array is 6 mm × 513 mm. Time-delayed summation is used to pro-
duce a full-length image by offsetting and summing sequential frames. It uses a Cadmium
Telluride converter and does not have a scintillator. Each pixel is 0.1 mm × 0.1 mm [17].
The X-ray source is a water-cooled Varex-Imaging HPX-225-11 tube [18] (Figure 1).

 
(a) (b) 

Figure 2. Diagram of points used to register end effectors to their marker arrays. The four corners of
the detector were used in the order shown to define the plane and center of the detector (a). The top
and bottom of the collimator slit, points 1 and 2, and the face of the collimator leaf, point 3, were used
to register the x-ray source (b).

A set of 400 uniformly distributed joint positions was defined for training the geometric
model of each manipulator. These 400 points were uniformly selected from a superset of
permutations of predefined joint positions. The predefined joint positions were distributed
throughout the length of travel for all joints. The prismatic joints had 100 mm of spacing
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between each defined joint position, and the rotational joints had 5 degrees of spacing. Not
all joints had the same number of predefined positions due to length of travel limitations.
An additional 100 points were defined using a uniform distribution bounded by the
maximum and minimum joint positions used previously. These 100 positions were used
to assess model performance. One safe location was defined for each side of the system
where the opposing side would not be able to reach it.

The active end effector was commanded to move to each desired location, it paused
to allow any potential vibrations to damp out, mocap recorded its location, and the end
effector was then moved to the next point in the sequence. The end effectors alternated
every 100 points which end effector was active and which was at its safe location. The
positions were recorded for 100 samples then averaged.

A two-layer Levenberg–Marquardt–Fletcher optimizer was used to refine the DH
parameters [19]. The outer layer varied the DH parameters, and the inner layer determined
the transformation from the motion capture coordinate system to the base of the robot.
Initial DH parameters were estimated from measurements taken by hand. The 100 test
points were excluded from the optimizer. The cost functions are similar to those used
by Lightcap et al. [15], specifically the position error and model weight regularization.
The orientation error was also calculated by determining the required orientation change
needed for the model to match the measured orientation, then subtracting the identity
quaternion. Due to the unit quaternion’s unit norm constraint causing the error to be
relatively low when compared to positioning errors, the orientation error was scaled by
a factor of 10. The convergence criteria were chosen to be when the sum squared error
changed by less than half a percent between outer-loop iterations. Comparing subsequent
iterations of the sum squared error is reasonable for this problem as the minimum nearest
the initial guess should reflect the physical system the initial values were measured from.
Model performance was assessed using the 100 test points’ forward error compared to the
variance and residuals output by the optimizer. The initial guess fed into the optimizer was
measured manually.

The end effectors were then further registered to their marker arrays using a calibrated
pointer. This registration process added one additional tool point transformation to the
model of each half of the robot. The pointer was used to mark the four corners of the
detector to define the center and normal direction of the detector (Figure 2). The top of
the collimator slit, bottom of the collimator slit, and face of the collimator were used in
conjunction with the distance from the face of the collimator to the focal point of the source
provided by the manufacturer to define the center and pointing direction of the X-ray
source [18].

The distal forelimbs of 15 horses were imaged as a part of an IACUC-approved
study (IACUC202200000393). Examples from this study are included as a demonstration
of calibrated system imaging capabilities. Fan-beam slit-scan radiography stretches the
intended object in the vertical direction of the image but has little to no projection increase
in the horizontal direction due to the fan-beam scanning geometry and summation of thin
slices at the detector. Example images have been corrected using the operator defined
source-to-object distance (SOD) and source-to-image-receptor distance (SID). The horses
were standing on the ground, making the imaging location at one extreme of the calibration
volume used for manipulator modeling. The robotic system moved in accordance with the
imaging schematic, with points A and B defined by the operator using a calibrated pointer
(Figure 3). The researchers followed an order of operation for imaging: to walk the animal
in under its own power, put the animal under standing sedation to minimize its motion
and maintain calm, perform scans, and allow the animal to walk out under its own power
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once the standing sedation had worn off. A single handler, wearing appropriate protective
equipment, was required to be in the room during imaging to handle the animal.

 
Figure 3. Robotic system imaging process schematic. Point A, point B, SOD, and SID are defined
by the operator. Points A and B define the position and orientation of the object of interest for the
robotic system. Combined with the SOD and SID, a path can be defined to collect the image.

An imaging phantom was used to demonstrate the effect of manipulator calibration
on image quality. The phantom was composed of an equine lumbar bone segment em-
bedded in ballistic gel to approximate the physical geometry and radiographic density
of the equine lumbar area. Images were acquired with the uncalibrated and calibrated
mechanism parameters.

3. Results
The layered optimization adjusted the joint parameters from their manually deter-

mined initial guesses, typically several millimeters and degrees (Table 1). The translation
of the origin of the base of the robot saw the largest change in the optimizer (Table 2).

Table 1. Change in DH parameters. Joints labeled with their end effector, P for prismatic or R for
revolute, and then numbered sequentially.

Joint ∆α (deg) ∆θ (deg) ∆a (mm) 1 ∆S (mm) 1

Source P1 −1.19 0.96 -- --
Source P2 0.83 0.17 -- --
Source P3 −0.64 −0.10 -- --
Source R4 −1.38 −1.50 −5.13 4.45
Source R5 −0.02 −0.02 0.59 −4.24
Source R6 −4.65 1.15 6.83 7.12

Detector P1 −0.99 0.86 -- --
Detector P2 −0.62 −2.11 -- --
Detector P3 −0.92 1.78 -- --
Detector R4 −0.44 −4.38 4.02 −0.45
Detector R5 −1.26 25.05 0.40 26.95
Detector R6 −4.18 24.89 0.23 −33.88

1 Link length and link offset for the prismatic joints were excluded from the optimizer due to the same action
being performed by the camera to robotic base transformations.
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Table 2. Change in camera to robot base transformation parameters.

Side ∆X (mm) ∆Y (mm) ∆Z (mm) ∆ϕ (deg) 1 ∆ψ (deg) 1 ∆ω (deg) 1

Source −11.62 0.36 12.19 2.83 0.04 −0.33
Detector 0.11 158.96 97.89 2.73 0.06 −0.48

1 Angles ϕ, ψ, and ω are used in a 313 Euler sequence to determine the orientation change from the camera
coordinate system to the base of each half of the robot.

The model fitting decreased the sum squared error to 0.079% of its initial value with
model optimization seen in Figure 4, and the test points’ mean sum squared error was 80%
of the final model fitting mean sum squared error.

Figure 4. Plot of sum squared error versus iteration of the outer loop for each half of the robot. The
source took five iterations and the detector took six iterations of the outer loop to converge.

The geometric model showed improved forward error after the optimization
(Tables 3 and 4). The mean error of the test points also fell within the confidence inter-
val of the results (Table 5).

Table 3. Manipulator positioning errors prior to optimization.

Parameter Source Detector

X (mm) −12.9 ± 7.6 −37.3 ± 46.4
Y (mm) 41.1 ± 9.5 −123.4 ± 26.0
Z (mm) −23.4 ± 17.8 −111.3 ± 37.9

Q0 0.0007 ± 0.0007 0.0012 ± 0.0004
Q1 0.0160± 0.0165 0.0444 ± 0.007
Q2 −0.0203 ± 0.0141 0.0032 ± 0.008
Q3 −0.0128 ± 0.0097 −0.0064 ± 0.01
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Table 4. Manipulator positioning errors after optimization for the training point set.

Parameter Source Detector

X (mm) 0 ± 1.4 0 ± 0.5
Y (mm) 0 ± 0.5 0 ± 0.9
Z (mm) 0 ± 0.4 0 ± 0.3

Q0 0 ± 0.00001 0.0001 ± 0.001
Q1 0 ± 0.002 −0.0002 ± 0.002
Q2 −0.001 ± 0.001 −0.001 ± 0.002
Q3 0 ± 0.003 −0.0005 ± 0.001

Table 5. Manipulator positioning errors for the test point set.

Parameter Source Detector

X (mm) 0.3 ± 1.0 −0.1 ± 0.5
Y (mm) −0.1 ± 0.3 0.2 ± 0.8
Z (mm) 0 ± 0.4 0.1 ± 0.3

Q0 0 ± 0.00001 0.0004 ± 0.001
Q1 −0.001 ± 0.001 0.0001 ± 0.002
Q2 −0.001 ± 0.001 −0.002 ± 0.002
Q3 −0.001 ± 0.002 −0.001 ± 0.001

Scans of the horses’ distal forelimb, focusing on the hock and metatarsal, were per-
formed utilizing the calibrated DH parameters. The images are clear and permit visualiza-
tion of bone trabecular-level detail (Figure 5). For comparison, the second prismatic joint on
the detector side’s θ parameter was returned to its initial value and an image of an equine
lumbar segment phantom was collected (Figure 6). There is an obvious improvement in
image sharpness with the calibrated system (Figure 6).

  
(a) (b) 

Figure 5. Lateral images of an equine carpus and metacarpus acquired in vivo from a standing horse,
(a) acquired with 140 kVp and 12 mA source voltage and current technique and (b) acquired with a
70 kVp and 24 mA technique. For the 15 horses imaged, the beam was on for between 15 and 20 s.
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(a) (b) 

  
(c) (d) 

Figure 6. Images showing improvements of imaging performance due to DH parameter optimization.
For images (a,b) a single parameter, the θ value for the detector’s second prismatic joint, was kept at
its initial value. Images (c,d) used the full set of optimized parameters. Images (b,d) are contrast-
adjusted, zoomed in, and leveled to view the bony features of the lumbar segment phantom.

4. Discussion
Large animal radiography is challenging due to the large physical size of the patient,

the inability for the patient to follow verbal commands, and the common need to sedate
the animal with associated morbidities. Fan-beam/slit-scan radiography provides imaging
access to the large girth regions of these animals by avoiding most X-ray scatter while
permitting examination of the standing animal. This approach does require automatic
actuation of an imaging gantry, which motivated this work. We built a pair of six-DoF
(three prismatic, three revolute) robots to manipulate the X-ray source and image detector
over a very large viewing volume, and present here efforts to identify a suitable geometric
model that allows for accurate source/detector manipulation for high image quality. Our
numerical model results, and the associated images acquired, demonstrate that this ap-
proach is adequate to realize a manipulator system capable of producing diagnostic-quality
radiographic images with a large robotic gantry.

A two-level optimization scheme was adequate to converge DH mechanism parame-
ters (outer loop) and the offset of the robotic system coordinate system from the motion
capture system (inner loop). Perturbations of DH parameters from initial guesses to con-
verged values were typically a few millimeters or degrees, except for several rotations,
where the calibrated reference value is arbitrary. The offsets transforming the camera coor-
dinate system to the base of the robot changed by upwards of 100 mm, as it was dependent
upon the arbitrary positioning of the motion capture “L-frame” when the camera system
was calibrated. The final errors for the optimized mechanism model showed standard
deviations in the position error of approximately one millimeter, consistent with the mea-
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surement uncertainties of the motion capture system. The orientation error improved, but
the initial average error was not very large. This makes sense, since the initial joint angles
were the best manual measurement possible given the physical system. Figure 6 shows
that mechanism parameter optimization is necessary to produce diagnostic images with
this system.

Test point positioning errors of a few tenths of a millimeter magnitude correspond to
image features being offset by several pixels at the detector array. The orientation errors’
standard deviations are equivalent to a 0.2-degree cone around the intended orientation.
Assuming all else is correct, this could put the center of the beam off the center of the
detector by approximately 5 mm when operating at the maximum source-to-image-receptor
distance of 1.5 m. This offset corresponds to 50 pixels and would be off the edge of the
detector. These observations should help to inform future collimation strategies, as we aim
to ensure that the primary beam, the region of the beam that is between the half values
of peak intensity, fully illuminates the detector. This range of uncertainty is acceptable
for imaging tasks, as demonstrated by images of the metacarpus with trabecular-level
bone detail (Figure 5). Being able to produce these images at the extreme of the calibrated
range is a positive indication for performance throughout the calibrated volume. These
positioning errors are comparable to the 30-parameter flexible geometric robot model of
Lightcap et al. [15], both being less than a millimeter.

The image detector and X-ray source were assumed to be perfectly registered to the
end effector motion capture arrays to simplify the analysis. This assumption is useful for
the data presented here, but small errors in how the source and detector are registered may
lead to the primary beam of the source not hitting the detector. This could greatly affect
image production, as the tightly collimated beam quickly falls off in intensity outside of
the primary beam. The method used to register the end effectors to their marker arrays to
produce images in this study also only used external features of the source and detector.
These features, especially on the X-ray source, may not fully represent the position and
direction of the end effectors. Future work will add an additional step after this parameter
calibration to verify that the source and detector are correctly registered. Nevertheless,
images acquired based upon the DH model with this simplifying assumption (Figure 5)
demonstrate that high-quality images can be obtained.

Slit projection radiography relies on the source and detector to be moving relative to
the subject to create an image. This motion needs to be steady and perpendicular to the
long axis of the detector array and the central ray of the source. The model developed in
this paper does not include any dynamic effects or consider any potential flex of the links as
the end effectors change position. A more complex model may improve tracking accuracy
or inform design changes to reduce dynamic effects. Vibration artifacts, vertical stripes of
varying intensity, are not currently seen in the images collected with the current model, but
having a better understanding of the dynamics of the system could enable optimization of
the acceleration ramps on the joints. The images were also produced using a point-to-point
function block for the motors native to TwinCAT 3.0.0 [20]. This function does not allow
for on-the-fly changes to the setpoints, and if the subject were to move, it could lead to
large motion artifacts in the image. Work is currently being carried out to write a custom
setpoint generator that may be used to make on-the-fly changes and assess the feasibility
of correcting for animal motion. A more complex setpoint generator would also enable the
system to follow more complex paths if necessary.

In the results, the variance in position suggests an ellipsoidal region of uncertainty
since the variance in each direction is different. These differences may be due to how the
cameras are placed around the capture volume. Space constraints and the size of the system
limited mounting locations and may skew the precision of position measurements if a
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subset of the cameras have a similar out of plane direction. The X-ray source also has a large
cable harness that may block some cameras’ views of the markers at any given position.
The combination of the harness blocking line of sight and the camera placement may have
led to the observed differences in variance. Increasing the number of cameras and using
more optimally distributed mounting locations may improve performance in the future.

5. Conclusions
Slit projection radiography has the potential to provide diagnostic quality imaging of

the thick sections of large animals while reducing the cost, time, and morbidity associated
with using human-focused imaging approaches on large animals. This approach does
require advanced manipulation capabilities and precise control of moving X-ray and
imaging hardware. We built a 12-DoF paired gantry manipulator to realize a slit projection
X-ray system for large standing animals and describe the kinematic system using a DH
parameterization. We used optical motion capture to quantify manipulator positioning over
a large spatial volume and then numerically optimized the DH parameters into harmony
with the motion capture data. With these optimized DH parameters, we were able to
acquire diagnostic-quality images of equine subjects at the periphery of the calibration
volume, validating the approach and the potential for this type of system to provide novel
imaging capabilities for large animal care.
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CT Computed tomography
MR Magnetic resonance
DoF Degrees of freedom
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DH Denavit–Hartenberg
mocap Motion capture
SOD Source to object distance
SID Source to image receptor distance
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