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Abstract
Radial fractures often require surgical stabilization with fracture �xation plates. Incomplete
morphological reconstruction was linked to poor outcome such as limited forearm rotation. Pre-contoured
plates are often used, but large inter-subject morphological variations may result in poor �t. Therefore, the
goal of this study was to develop a reliable virtual measure of plate-to-bone �t. In addition, the study
evaluated the accuracy with which 3D printed bones reproduce the morphology of the physical radius.
Virtual models and 3D-printed models of six cadaver radii were produced from bone scans. Level of �t of
pre-contoured plates were measured in three ways: directly on pre-contoured physical plates �tted to
cadaver bone; pre-contoured physical plates �tted to 3D printed bone; and virtual plate models �tted to
virtual bone models. In addition, the study evaluated the accuracy with which 3D printed bone reproduces
the physical bone morphology. The results indicate excellent agreement between the physical and virtual
level of �t measures as well as excellent geometrical accuracy of the 3D-printed bones. These provide the
necessary foundation for guiding the development of better �tted pre-contoured fracture �xation plates
as well as for developing pre-surgically patient speci�c pre-contoured plates. 
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Introduction
Fractures of the radius bone in adults are unstable injuries that typically require surgical stabilization with
bone plates and screws. As with other fracture surgery, restoring normal anatomic alignment is a primary
goal. This is especially true of forearm diaphyseal fracture �xation where the bowed radius rotates nearly
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180° about the ulna [1, 2]. Accordingly, incomplete reconstitution of the radial bow during fracture surgery
in both location and magnitude has been linked to reduced forearm rotation and suboptimal functional
outcomes as well as altered kinematics [3–10]

A radius bone plate often requires contouring in the sagittal, coronal, and axial planes, to match the three-
dimensional radial bow [3, 4, 7, 11, 12]. The radius of curvature is most pronounced on the volar and
dorsal aspects of the bone, corresponding with the two most common surgical approaches to a radial
shaft fracture. The standard plate used for adult diaphyseal forearm fractures is a limited-contact
dynamic compression plate [13–16]. Contouring this relatively rigid plate in 3 planes can be complex and
time consuming [17, 18].

To simplify the plating procedure, pre-contoured plates for volar and dorsal surfaces of the radial shaft
have been recently introduced [17, 18]. Pre-contoured plates eliminate or reduce plate-bending time in the
operating room. Also, these plates may obviate the need for a provisional fracture reduction. If the pre-
contoured plate matched the contour of the intact bone, the plate could be used as a template to which
the bone can be reduced, instead of a �rst needing a provisional reduction which would then guide plate
contouring.

There is substantial inter-subject variability in the curvature of the radius bone as demonstrated by a
recent morphological study conducted on 422 cadaver radii [7] and because of this large variability, pre-
contoured plates may not �t as well as surgeon contoured plates. Furthermore, in highly comminuted
fractures, the original shape of the fractured bone is di�cult to assess and it relies on the surgeon’s
experience to restore the original contour.

There are two novel methods for addressing the requirement for time e�cient, anatomical �t of radial
fracture �xation plates. Both rely on the high level of left-to-right symmetry in the morphology of the
radius [19, 20]. The �rst method is based on producing a 3D printed model of the mirrored, intact, contra-
lateral radius and providing it to the surgeon so that, prior to the surgery, the plate can be pre-contoured
for optimal �t. This method relies on the ability to produce accurate, image-based, 3D printed models of
the physical bone. A primary goal of this study is to test the level of accuracy with which such a 3D
printed model can be produced.

The second method is to produce a patient-speci�c, optimally �tted, fracture �xation plate [21] based on
the mirrored contra-lateral intact bone. However, this custom manufacturing approach would undoubtedly
be costly and time-consuming, and potentially only a viable option for complex revision surgeries.
Therefore, it is prudent to evaluate to what extent an off-the-shelf, pre-contoured fracture �xation plates
�ts the radius anatomy of a large patient population. To conduct such an evaluation, on a large number
of physical cadaver bones, is costly and time prohibitive. Therefore, the second goal of this study was to
establish a method of virtually evaluating the �t of fracture �xation plates by applying virtual three-
dimensional models of such plates to virtual radius bone models produced from medical imaging scans.
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Materials And Methods
Pre-contoured dorsal and volar radial shaft fracture �xation plates were obtained from the manufacturer
(Acumed™). In each plate, an array of 27, 1.5 mm holes were drilled through the plate across its surface
(Fig. 1). These holes allowed physical measurements of the gap distribution (level of �t) between the
surface of the plate and the surface of the bone. Three-dimensional CAD models of the plates were also
obtained from the manufacturer, and an identical array of 1.5 mm holes was produced in each virtual
CAD model (Fig. 1). These virtual models, together with virtual models of the bones, provided virtual
measures of plate-to-bone �t and allowed a direct comparison to the physical measurements.

Six fresh frozen cadaver arms were thawed to room temperature and the radii were extracted and cleaned
of soft tissue. Each radius was visually inspected to con�rm that no prior fracture or deformities were
present. They were coated with non-re�ective paint and the midpoint between the proximal and distal
ends of the bones were marked (Fig. 2). In addition, three small 1.5 mm diameter holes were drilled at
each end of the bone and 1.5 mm metal pins were press-�tted into each hole protruding approximately
1.5 mm from the surface of the bone (Fig. 2). These pins were used as �duciary markers to reproduce the
physical alignment of the plate on the bone in the 3D printed bones and in the virtual models. The bones
were scanned using a laser scanner (Artec Space Spider Scanner™; accuracy 0.05 mm; resolution 0.1
mm) and the scanned data were processed (Geomagic™) to obtain 3D models of the bones (Fig. 2). Three
dimensional prints of each of the bones were produced (Connex Object500 by Stratasys, material
VeroPureWhite RDG837, Resolution 30 microns, Accuracy 200 microns) and each of the 3D prints were
scanned to obtain virtual models of the 3D printed bones.

The dorsal and volar plates were �xed to the dorsal and volar sides of each bone with the plate center
aligned with the previously marked mid-distance between the distal and proximal ends of the bone
(Fig. 3). While maintaining this central alignment, the plate could still be slightly adjusted
circumferentially on the bone to improve �t as judged and accomplished by a fellowship-trained hand
surgeon. Once this alignment was established, the plates were secured with one screw on each end. Care
was taken not to overtighten the screws so as not to deform the plate (Fig. 3, PD and PV). The distances
between the central and most distal holes, on each side of the plate, and the corresponding three �duciary
markers (d1 to d6 in Fig. 3) was measured with a caliper (Mitutoyo™, 0.01 mm accuracy). These distances
were used to reproduce the position of the plates on each of the three-dimensional printed bones, as well
as to reproduce the position of the virtual plates on the virtual bones (Fig. 3, VD and VV).

Using a digital depth-gage micrometer (Mitutoyo™, 0.01 mm accuracy) with a spindle diameter of 1.5 mm,
the distance between the top surface of the plate (the one away from the bone) and the surface of the
bone was measured at each of the 27, 1.5-mm drilled holes (Fig. 4, A). Each distance measurement was
repeated three times and the average of the three measurements was used in the subsequent
calculations. The gap distance between the bone and the plate at each of the 27 locations was then
calculated based on the micrometer measures and the known plate dimensions. Using the central distal
holes-to-�duciary markers measurements (d1 to d6 in Fig. 3), the plate positions on the bones were
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reproduced on each of the 3D printed bones. Then, after �xation of the plate to the 3D printed bone, the
physical plate-to-bone gap measurement at each of the 27 holes was repeated. Using the distances to the
�duciary markers (d1 to d6 in Fig. 3), the position of the plates on the virtual model of each bone was
reproduced (Fig. 3, VD and VV). Then the virtual plate-to-bone distance at each of the 27 holes was
measured by aligning a 1.5 mm diameter cylinder into each hole and measuring the distance from the
underside of the plate at the speci�c hole to the point where the cylinder contacts the surface of the bone
(Fig. 4, B). This allowed direct comparison of the plate-to-bone distance distribution between the physical
and virtual conditions.

In each virtual plate (dorsal and volar), the limited bone contact region (the visible slightly elevated region
in the physical models and the marked regions on each virtual plate in Fig. 1) was identi�ed and marked
(Geomagic™). This slightly elevated region on the plate was designed to be the only surface to contact
the bone. For each of these regions, distance maps [22] describing the distance distribution between the
bone limited contact region of the plate and the corresponding surface of the bone were obtained for both
the dorsal side and the volar side of the bone (Fig. 5).

Using an optimal alignment algorithm based on least square error criterion in Geomagic™, for each
specimen, the virtual model of the physical bone and the virtual model of the 3D printed bone were
optimally aligned to each other. Distance maps describing the distance distribution between the two were
generate (Fig. 6).

Data Processing

The 3D geometry of the optimally aligned virtual model of each physical bone and the corresponding
virtual model of the 3D printed bone were compared to each other. The comparison was based on the
distance distribution over the entire surfaces of the models described as distance maps (Fig. 6). From
these, for each specimen, the mean distance and the standard deviation of the distance distribution were
calculated. In addition, the volume of the virtual model of the physical bone and the 3D printed bone were
calculated, and a paired t-test was performed to determine if there were signi�cant differences in volume
between the physical bone and the corresponding 3D printed bone.

The level of �t of the fracture �xation plate to the radius was quanti�ed as the average and standard
deviation of the plate-to-bone distance as measured across the 27 -hole array in the plates. For the virtual
case, it was also quanti�ed as the average distance and standard deviation across the distance between
the bone limited contact region of the plate and the corresponding surface of the bone. Repeated
Measure Analysis of Variance (ANOVA) was performed on the average and standard deviation distance
between the plate and the bone for three different conditions. Physical bones, virtual bones, and 3D
printed bones. The statistical signi�cance level was set at p < 0.05. The analysis was performed
separately for the volar side and for the dorsal side of the radius. A separate paired t-test was conducted
for the virtual plate assessment to compare the level of �t as obtained from the 27-hole array
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measurements to that obtained from the distance map. This analysis provided a measure of how well the
27-hole array measurements approximated the full bone limited contact region.

Results
An example showing the distance map between the virtual model obtained from the physical bone and a
virtual model obtained from the corresponding 3D printed bone shows a close match with an error of less
than 0.5 mm (Figure 6). The distance error distribution obtained from all specimens (Table 1) shows a
very small average error of 0.129 mm with a standard deviation of 0.128 mm. Likewise, there was a close
match, with no statistical difference (P = 0.239) in volume between the two models with an average error
of only 6.8% (Table 1).

The level of �t of the pre-contoured fracture �xation plates to the radius on both the dorsal side (Table 2)
and the volar side (Table 3) of the bone under three different conditions were compared. The comparison,
based on repeated measure ANOVA, conducted on the average gaps obtained from the 27-hole arrays,
showed no statistically signi�cant difference between the three conditions. However, a statistically
signi�cant difference (p = 0.004) was observed between the level of �t of the pre-contoured plates on the
dorsal side as compared to the level of �t on the volar side, for all three conditions (Table 2 and Table 3).

A paired t-test was conducted for the virtual plate assessment to compare the level of �t as obtained from
the 27-hole array measurements to that obtained from the distance map analysis. This t-test provided a
measure of how well the 27-hole array measurements approximated the full bone limited contact region.
The results show no signi�cant difference between the two. However, the average distance based on the
distance maps were smaller than those from the 27-hole array for both dorsal side (Table 2) and the volar
side (Table 3).

Discussion
Open reduction and internal �xation with limited-contact compression plates are the most common
technique for treating radial and ulnar shaft fractures. Aside from stabilization, restoring normal
anatomic alignment is critical. Incomplete reconstitution of the pre-injury morphology of the fractured
bones, such as radial torsion and bow of the radius, has been linked to reduced forearm motion and
suboptimal kinematic functional outcomes.

While �xation of an ulnar diaphyseal fracture can usually be performed with a straight plate, �xation of
the radius is more complex and often requires a plate contoured in the sagittal, coronal, and potentially
axial planes, to match the 3-dimensional radial bow. Hence, our focus in this study was on �xation of
radial fractures.

In this study a virtual, in-silico technique, for evaluating the level of �t of radial fracture �xation plates
was developed. This unique technique was based on quantifying the gap between the plate and the bone
surface over both a discrete array as well as over the covered bone surface using distance maps [22]. The
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technique was successfully validated by comparing the virtual level of �t to the physical one based on
direct measurements performed on the physical bones. The results suggest that the level of �t of pre-
contoured fracture �xation plates is signi�cantly better on the dorsal side than on the volar side of the
radius. This suggests that the pre-contoured volar fracture �xation plates may bene�t from further
geometrical design re�nement to improve the level of �t.

The evaluation technique established and validated in this study based on virtual and physical distance
maps can be adopted to a wide range of orthopedic applications in which arti�cial surfaces are �xed to
physical bones or even replace them. Recent advances in fast and accurate three-dimensional medical
imaging modalities, combined with recent developments in additive manufacturing makes personalized
surgery an emerging viable reality. For example, personalized fracture �xation plates are already used
clinically in reconstructive surgery for the treatment of complex malunions. 3D printed personalized
templates for surgical planning required for clinical applications such as producing osteotomies or
producing optimal cuts for implants are another area of increased clinical interest. For these and similar
applications, the technique developed and validated in this study may be applied both for improved
design and for design validation.

This study demonstrated, using the distance mapping technique, that the 3D printed bone very accurately
duplicated the three-dimensional geometry of the physical bone. Therefore, since the bi-lateral symmetry
in the geometry of the radius has been demonstrated in the past [7, 19, 20], the contra-lateral bone can
serve as a reliable replacement for the pre-injury geometry of the fractured bone. This method has been
used in recent years for design of personalized total bone replacement such as replacement of the talus
[23] and for design of personalized fracture �xation plates. Accurate production of arti�cial bones that
faithfully reproduce the 3D morphology of the physical bone can also be used as a viable less costly
alternative to personalized plate production by 3D printing the intact mirror-imaged contralateral bone
and then bending and �tting a standard plate to serve as a reliable pre-�t plate to be used for fracture
reduction and fracture �xation. Furthermore, the ability to reproduce accurate replica of physical bones is
important for future biomechanical research, where it is anticipated that 3D printed bones could replace
cadaver bones. This offers signi�cant bene�ts such as replication of bones in destructive testing in
repeated-measure experimental designs. It also minimizes or eliminates the need for transport, storage,
and disposal facilities required of cadaver physical specimens. They also offer the ability to conduct
reliable comparison of various plate deigns since the same exact bone can be used in multiple tests.

The study had a few limitations. One was the small sample size. This was partially compensated by the
repeated-measure analysis made possible since each specimen served as its own control. In addition, it
must be recognized that some of the methodology in this study requires highly accurate medical imaging
modalities such as high-resolution CT and high accuracy 3D printers to produce accurate virtual or 3D
printed models. Such facilities may not be readily available, although their number is on the increase as
personalized surgery becomes an emerging trend in orthopedic surgery.

Conclusions
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From the results of this study it was concluded that a virtual method for assessing the level of �t of
fracture �xation plates to the radial bone reliably reproduce the physical measurement. As such, it can be
used as an effective evaluation tool to guide the design of improved pre-contoured fracture �xation plate
for the radius. It can also be used to guide the production of patient speci�c plates in the future. In
addition, the study concluded that 3D printed models of the radius bone accurately reproduce the bone
morphology. Therefore, such 3D printed models can be used by the surgeon to optimally contour the bone
to the patient’s 3D morphology prior to surgery, therefore potentially reducing surgical time and improving
surgical outcome. Such 3D printed surrogates can also be used as inexpensive and convenient
substitutes to physical cadaver bones in a variety of biomechanical studies.
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Tables
Table 1 – Comparison of the 3D geometry of the physical radial bone to the 3D geometry of the 3D
printed radial bone. All measurements are in Millimeters.
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Table 2: Comparison of the plate-to-bone level of �t on the dorsal side of the radius based on the 27
distance measurements for three conditions – Physical measurement on physical bone, virtual
measurements on virtual bone, and physical measurements on 3D printed bone.
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Table 3: Comparison of the plate-to-bone level of �t on the volar side of the radius based on the 27
distance measurements for three conditions – Physical measurement on physical bone, virtual
measurements on virtual bone, and physical measurements on 3D printed bone.
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Figures
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Figure 1

Physical and virtual pre-contoured dorsal and volar radial shaft �xation plates with an array of 27, 1.5
mm in each for plate-to-bone surface gap measurements. PD – Physical Dorsal; PV – Physical Volar, VD
– Virtual Dorsal, VV – Virtual Volar. The bone contact region of the plates and visible in the physical
plates and marked in the virtual plate images

Figure 2

Example of the extracted physical bone (A) and the scanned virtual model (B). The �duciary markers are
visible in both the physical bone and the scanned virtual bone model

Figure 3

Views of the pre-contoured plates �xed to the dorsal and volar sides of the radius. PD – Physical Dorsal;
PV – Physical Volar, VD – Virtual Dorsal, VV – Virtual Volar. The distances between the central and most
distal hole and each �duciary marker are indicated as d1 to d6



Page 14/16

Figure 4

Depth-gage micrometer setup (A) used to measure the gap between the plate and the surface of the bone,
and a virtual gage used to simulate these measurements in the 3d virtual environment (B)
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Figure 5

Limited bone contact regions with the corresponding distance maps for the pre-contoured dorsal plate
displayed on the plate (A) and on the bone (B). Limited bone contact regions with the corresponding
distance maps for the pre-contoured volar plate displayed on the plate (C) and on the bone (D)
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Figure 6

models of the physical and the 3D printed bone optimally aligned to each other and the distance between
them in millimeters displayed as color-coded distance maps. Distance color-coded scale is in millimeters


