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Abstract

In orthopedic surgery, patient-specific bone plates are used for fixation when conventional bone plates do not fit the specific
anatomy of a patient. However, plate failure can occur due to a lack of properly established design parameters that support
optimal biomechanical properties of the plate.

This review provides an overview of design parameters and biomechanical properties of patient-specific bone plates, which
can assist in the design of the optimal plate.

A literature search was conducted through PubMed and Embase, resulting in the inclusion of 78 studies, comprising clinical
studies using patient-specific bone plates for fracture fixation or experimental studies that evaluated biomechanical properties
or design parameters of bone plates. Biomechanical properties of the plates, including elastic stiffness, yield strength, tensile
strength, and Poisson’s ratio are influenced by various factors, such as material properties, geometry, interface distance,
fixation mechanism, screw pattern, working length and manufacturing techniques.

Although variations within studies challenge direct translation of experimental results into clinical practice, this review serves
as a useful reference guide to determine which parameters must be carefully considered during the design and manufacturing
process to achieve the desired biomechanical properties of a plate for fixation of a specific type of fracture.

Keywords Bone plate - Fracture fixation - Patient-specific - Biomechanical properties - Orthopedics

1 Introduction

In the field of orthopedic surgery, plates play a vital role in
fixating bones following traumatic injuries or osteotomies.
These plates not only provide rigid fixation and accurate
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repositioning of the fractured parts, but also apply compres-
sive stress and strain at the fracture site to stimulate bone
healing [1-3]. During load bearing, plates need to maintain
the fractured ends in position while appropriately distribut-
ing the load exposed to the fracture. The plate should also
allow for more accurate distribution of mechanical signals
(i.e., compressive stress and strain) to promote bone healing
and bone density adaptation. The plate should prevent stress
shielding, that may occur when the plate handles most of the
load, and the density of the bone declines [4, 5]. Further-
more, tight fixation of the plate to the bone may affect blood
supply, leading to necrosis [6, 7]. To achieve stable bone
fixation with satisfactory bone union and complete func-
tional outcome, it is essential to consider the biomechanical
requirements during plate design and manufacturing.
Currently, orthopedic surgeons rely primarily on conven-
tional bone plates, which are manufactured using computer
numerical control (CNC) techniques in standard shapes
and sizes, allowing for immediate use in emergency sur-
geries and cost-effective production [8, 9]. These plates are
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typically made of biocompatible metals, such as titanium
alloys or stainless steel, which can be sterilized and can
withstand high loads [10, 11]. The conventional bone plates
are an accepted solution with mostly satisfactory outcomes
[10]. Despite this, they are not patient-specific and therefore
do not precisely match individual anatomy. In some cases,
they can be bent during surgery to improve the fit, but bio-
mechanical or anatomical mismatch can still occur, leading
to stress concentration and increasing the risk of plate or
screw failure, or bone malunions [2]. In such instances, revi-
sion surgery may be required [12-15].

Computer-aided-design/computer-aided-manufacturing
(CAD/CAM) techniques offer a solution to the mismatch
between conventional bone plates and the patient’s specific
anatomy associated with complex fractures or osteotomies
[12, 16]. Using computed tomography, digital three-dimen-
sional (3D) models of the patient’s anatomy can be devel-
oped to virtually plan the surgery and design bone plates
that fit the patient’s anatomy precisely. These patient-specific
bone plates can be manufactured, for example by 3D-print-
ing, and can be used during surgery [16—19].

In order to achieve optimal bone-plate fixation, it is cru-
cial to optimize the biomechanical properties of the patient-
specific bone plate. Such properties include load distribu-
tion, elastic stiffness, Poisson’s ratio, yield strength and
tensile strength [5, 20]. The consideration of these proper-
ties is imperative for ensuring the mechanical stability and
durability of bone-plate fixation. The modification of these
biomechanical properties can be achieved by tuning several
parameters, including the type of material, screw type, num-
ber of screws, position of screws, plate geometry, working
length, and gap between the bone and the plate. This litera-
ture review provides an overview of design parameters and
their impact on biomechanical properties of patient-specific
bone plates, to support designers to achieve the desired bio-
mechanical properties for successful bone fixation.

2 Methods

A literature search was conducted in the PubMed and
Embase databases on September 16", 2020, and subse-
quently updated on July 6, 2023 (PubMed) and July 14™,
2023 (Embase). The search strategy included both indexed
and free terms related to computer-aided design, 3D-print-
ing, and patient-specific bone plates, which were used to
construct search queries. The resulting database was then de-
duplicated. Figure 1 shows the process for study selection.
Studies that investigated the use of patient-specific bone
plates for fracture fixation or evaluated design parameters
through biomechanical testing or finite element analysis
(FEA) were included. References of included articles were
screened on eligibility for inclusion. Studies that were not
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medical or studies in which plates were not used for fixation,
were excluded. In addition, studies that did not assess plate
design or did not provide information on the design of the
plate, were excluded. In addition, studies that focused on
surgical guides, implants, screws, or total replacements were
excluded. Clinical studies that utilized conventional, rather
than patient-specific bone plates, were ineligible. Also, stud-
ies that evaluated conventional bone plates that were pre-
bent during surgery, or that presented operative techniques
were excluded. Furthermore, studies related to maxillofacial,
cranial, and animal studies were excluded. Finally, letters to
the editor, review articles, conference abstracts, and studies
not available in English were also excluded.

The included studies were systematically categorized
according to various parameters that impact the biomechani-
cal properties of the patient-specific bone plates, including
material type, geometry, fixation mechanism and manufac-
turing techniques. Also, reported complications from rel-
evant clinical studies were collected and analyzed.

3 Results

The initial search yielded a total of 1,428 articles. Through
screening of article titles and abstracts, 1,098 articles were
excluded. Full texts were not available of 28 records. Sub-
sequently, the full texts of 302 studies were assessed, result-
ing in the inclusion of 74 articles, with an additional four
identified through reference screening. Of these, 19 articles
were clinical studies, while 59 described experimental stud-
ies focusing on biomechanical testing or FEA.

Experimental and FEA studies were conducted to analyze
the relationship between design parameters and mechanical
properties. The experimental studies included quasi static
and dynamic biomechanical load tests on patient-specific
bone plates, using techniques such as axial compression,
three-point bending, four-point bending, torsion, tensile test-
ing, and simulations of muscle forces. Literature on patient-
specific bone plates described a range of biomechanical
properties, including load distribution, Young’s modulus,
Poisson’s ratio, yield strength and tensile strength. Design
parameters related to the bone plate include material prop-
erties, geometry, fixation mechanism (with details such as
working length, interface distance and screw pattern) and
manufacturing technique.

3.1 Material

The plates were made of various biocompatible materials,
including titanium, stainless steel, E-glass/epoxy compos-
ite, Carbon Fiber Reinforced PolyEtherEtherKetone (CFR-
PEEK), glass fiber reinforced polypropylene, cobalt chro-
mium (Co-Cr), cobalt chromium molybdenum (Co-Cr-Mo),
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Fig. 1 Flow-chart of the litera-
ture search and study selection
process
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polylactic acid and nitinol (Table 1). Young’s modulus, yield
strength and ultimate tensile strength varied depending on
the material, ranging from 1-280 GPa, 111-3,026 MPa,
and 10-1,080 MPa, respectively. For example, titanium
alloys had a Young’s modulus of 105-193 GPa, a yield
strength of 140-3,026 MPa and an ultimate tensile strength
of 964-1080 MPa. The literature included patient-specific
bone plate fixation in various parts of the body, including
the femur, tibia, radius, ulna, humerus, spine, pelvis, clavicle
and foot. Poisson’s ratio, reported by 43 studies, ranged from
0.3 to 0.35 with a median 0.3.

3.2 Geometry

Literature on patient-specific bone plates provided infor-
mation on the geometry of the plates, including shape,
length, width, and thickness (Table 2). The shape of the
plates varied based on the type of bone. For femur fixation,
plate length ranged from 65- to 250-mm, whereas the width
ranged from 8- to 35-mm and thickness ranged from 2- to
8-mm. For tibia fixation, plate length, width, and thickness

ranged from 110- to 180-mm, 4.5- to 25-mm, and 2.5- to
6-mm, respectively. Pelvis plates had a thickness ranging
from 3- to 3.5-mm, whereas plates for humerus fixation
ranged in thickness from 2- to 4.5-mm. Radius plates were
designed with a thickness ranging from 1.9- to 2.5-mm. For
the rest of the bone types, only a few studies reported on
geometry of the plates (Table 2).

3.3 Fixation

Studies investigating the biomechanical properties of
patient-specific bone plates focused on fixation mechanisms
for various bones (e.g., femur, tibia, pelvis, humerus, radius,
wrist, clavicle, spine and ulna) as documented in Table 3.
The plates were categorized into three main types based
on their fixation mechanism: locking plates (LP), dynamic
compression plates (DCP) and locking compression plates
(LCP). LPs use threaded screw holes to lock the plate
to the bone, while DCPs use non-threaded screw holes
to allow for compressive loads [49]. LCPs feature both
locking and compression screw holes, giving the surgeon
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Table 1 Biomechanical properties of bone plate materials reported in the literature based on experimental testing or finite element analysis
(FEA)

Author, year Type Bone type Young’s Poisson’s  Yield strength  Tensile Experimental ~ FEA
modulus ratio (MPa) strength biomechanical
(Gpa) (MPa) testing
Titanium
Caiti et al., Ti6A14V Radius 110 0.35 1060 Axial compression;
2019 [1] Bending moments;
Torsion
Chen et al., Ti6A17Nb Femur 123 0.3 Axial compression
2018 [2]
Chen et al., Spine 919 Static compres-
2023 [21] sion test
Chung et al., Femur 110 0.3 Axial compression;
2018 [22] Torsion
Fanetal., 2017 Ti6A14V Femur 115 0.3 800 Muscle forces
[12]
Freitas et al., Femur 193 0.33 Axial compression
2021 [23]
Gupta et al., Ti6A14V not specified 743 964 Tensile and 3
2021 [24] point bend
tests
Kaymaz et al., Ti6A14V Humerus 110 0.31 Compression ~ Compression in x-, y-
2022 [25] testing and z-direction
Kim et al., Ti6A14V Radius 783-1114 Axial compres-
2017 [26] sion
Kimshal et al., Tibia 110 0.34 207 Axial compression
2015 [27]
Linetal.,, 2018 Ti6A14V 862 910 4 point bending
[28] test
Liuetal, 2014 Ti6A14V Clavicle 1347-3026 4 point bending
[10] test
Macleod et al., Ti6A14V Tibia 789-1013 Axial compres- Muscle forces
2018 [29] sion
Munch et al., Tibia 110 0.3 Compression ~ Medial-lateral com-
2022 [30] testing pression
Samsami et al., Tibia Quasistatic
2022 [31] and cyclic
loading
Schader et al., Humerus 105 0.3 Shoulder abduc-
2022 [32] tion and flexion in
several degrees
Shams et al., Ti6A14V Femur 113,8 0.33 839.9 Axial compression
2022 [33]
Smith et al., Ti6A14V ELI  Foot 877-897 916-937 3 point bending
2016 [8] test
Sokol et al., Radius 472-826 Axial compres-
2011 [34] sion
Soni et al., Ti6A14V Femur 110 0.33 825 1080 Axial compression
2020 [35]
Subasi et al., Ti6A14V 105 0.33 1137 Axial compression
2023 [36]
Stoftel et al., 115 0.34 Axial compres- Axial compression;
2003 [37] sion; Torsion Torsion
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Table 1 (continued)

Author, year Type Bone type Young’s Poisson’s  Yield strength  Tensile Experimental ~ FEA
modulus ratio (MPa) strength biomechanical
(Gpa) (MPa) testing

Synek et al., Radius 105 0.34 Axial compression
2021 [38]

Reina-Romo Ti6A17Nb Femur 123 0.31 Muscle forces
etal., 2014
[39]

Thomrungpi- Ti6A14V Humerus 110 0.34 1025 Axial compression
yathan et al.,
2021 [40]

Tseng et al., Ti6A14V Femur 110 0.3 4 point bending 4 point bending test
2016 [11] test

Vancleef et al., Ti6A14V Clavicle 115 0.3 Unloaded and loaded
2022 [41] anteflexion and

abduction

Wang et al., Ti6A14V Pelvis 900 1000 Hardness
2017 [42]

Wang et al., Ti6A14V Tibia 110 0.3 700 N for fulll weight
2020 [43] bearing

Wang et al., Ti6A14V Spine 110 0.3 Axial compression
2022 [44]

Wee et al., Femur 110 0.3 Axial compres- Axial compression;
2017 [45] sion; Torsion Torsion

Yao et al., Foot 110 0.3 Axial compression
2021 [46]

Zhang et al., Clavicle 186,4 0.3 140 Axial compression
2019 [47]

Stainless steel

Chakladar Ulna 280 0.33 3 point bending 3 point bending test
etal., 2016 test
[48]

Chung et al., Femur 210 0.3 Axial compression;
2018 [22] Torsion

Fan et al., 2018 Femur 196 0.33 310 Muscle forces
[12]

Kanchanomai  316L Femur 193 595 Axial compres-
etal., 2010 sion; 4 point
[49] bending test

Kimshal et al., 316L Tibia 205 0.3 207 Axial compression
2015 [27]

Murat et al., Humerus 193 0.3 Axial compres- Axial compression
2021 [50] sion

Olender et al.,  AISI 304 193 0.3 4 point bending 4 point bending test
2011 [51] test

Peleg et al., Femur 111 Axial compres- Axial compression
(20006) [52] sion

Reina-Romo 316L Femur 193 0.3 Muscle forces
etal., 2014
[39]

Soni et al., 316L Femur 200 0.3 290 580 Axial compression
2020 [35]

Stoffel et al., 220 0.34 Axial compres- Axial compression;
2003 [37] sion; Torsion Torsion
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Table 1 (continued)

Author, year Type Bone type Young’s Poisson’s  Yield strength  Tensile Experimental ~ FEA
modulus ratio (MPa) strength biomechanical
(Gpa) (MPa) testing
Teo et al., 2022 316L Tibia Loaded cycli-
[53] cally from
100N to 3
times body
weight
Tilton et al., 316L Humerus 193 0.3 Axial compres- Axial compression;
2020 [9] sion; Torsion Torsion
Tseng et al., F138, F1314 Femur 200 0.3 4 point bending 4 point bending test
2016 [11] test
Wee et al., Femur 200 0.3 Axial compres- Axial compression;
2017 [45] sion; Torsion Torsion
Yan et al., 316L Tibia 193 0.3 690 860 Axial compression
2020 [54]
Other
Chakladar E-glass/epoxy  Ulna 15 0.3 3 point bending 3 point bending test
etal., 2016 composite test
(48]
Chung et al., CFR-PEEK Femur 50 0.3 Axial compression;
2018 [22] Torsion
Kabiri et al., Glass fiber Tibia 1-20,1 0.1-0.35 10-400 Density,
2021 [55] reinforced tensile,
polypropyl- compression,
ene four-point
bending,
shear and
Charpy
impact resist-
ance tests
Le etal.,, 2023  Polylactic acid 72 Tensile and 4
[56] point bending
Nobari et al., Cobalt-chro- Femur 200 0.3 Mediolateral and
2010 [57] mium anteropostero force;
Axial compression
Renetal, not specified Tibia 110 0.3 Axial compression
2022 [58]
Soni et al., Co-Cr-Moly- Femur 100 0.3 450 720 Axial compression
2020 [35] bodenum
Olender et al.,  Nitinol 23 0.33 4 point bending 4 point bending test
2011 [51] test
Wang et al., not specified Femur 200 0.3 Axial compression
2020 [59]

greater flexibility to determine the optimal approach for
each case [49]. All three types of fixations were utilized
for various types of bone (Table 3). Pelvic fixation primar-
ily used dynamic compression, while locking fixation was
dominant in radius fixation. Clinical studies also evaluated
all three types of plates across different types of bone.

The interface distance, i.e., the distance between bone
and plate after fixation, reported in literature ranged from
0.0 to 6.0 mm (Table 3).

@ Springer

Studies investigated surgical outcomes using different
screw patterns (e.g., straight in line, triangular or alter-
nating patterns). In particular, conventional bone plates
with a standard arrangement of screw holes (Fig. 2a) were
compared to plates with triangular patterns (Fig. 2b) or an
alternating pattern of screws, in terms of yield strength and
stress distribution [1, 54]. In addition, different screw con-
figurations were tested using a conventional straight in-line
arrangement of screw holes [39, 45, 48, 70]. The number
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Table 2 Geometry of bone plates per bone type

Bone type Author, year Shape Recommended measures as
a result of the research
Length (mm) Width (mm)  Thickness (mm)
Femur Arnone et al., 2013 [60] 5.5
Chen et al., 2018 [2] 126.6+6.5 3
Chen et al., 2017 [13] Three different widths for proxi- 132.1 17,225,345 2,4,5
mal, middle and distal
Chung et al., 2018 [22] 70 8 4
Fan et al., 2017 [12] 4.75 (Titanium);
5.25 (Stainless steel)
Kanchanomai et al., 2010 [49] 250
Nobari et al., 2010 [57] Short, wide and thick 65 35 7-8
Shams et al., 2022 [33] 5
Tseng et al., 2016 [11] 130 18 5.05
Wee et al., 2017 [45] 4.5 4
CLINICAL: Maet al., 2017 [61] 6
Tibia Kabiri et al., 2021 [55] 110 25 5.5
Kimshal et al., 2015 [27] Short plates inferior to longer 3,3.75
plates
Macleod et al., 2018 [29] Thicker and wider around screw
holes
Petersik et al., 2018 [20]
Ren et al., 2022 [58] L-shaped 3.5
Shin et al., 2022 [62] Straight 149.5 12 2.5
Wee et al., 2017 [45] 4.5 4
Yan et al., 2020 [54] 5
Wang et al., 2020 [43] 180 14.4 4
CLINICAL: Maet al., 2017 [61] 6
No type specified Ghimire et al., 2019 [63] 206 17.5 5.2
Gupta et al., 2021 [24] Straight 70 17.5 3
Lin et al., 2018 [28] 140 18 5.05
Olender et al., 2011 [51] Dogbone: thin in middle of the 53 6
plate
Stoffel et al., 2003 [37] 4.5
Pelvis Wang et al., 2017 [42] 10 3-3.5
Wen et al., 2020 [64] 3
CLINICAL: Wang et al., 2020 [65] 3-35
Humerus Ahmad et al., 2007 [66] 4.5
Murat et al., 2021 [50] Density variation in a porous plate
Thomrungpiyathan et al., 2021 Addition of a lateral brim with a 110 10 2
[40] lateral-medial linking screw
Tilton et al., 2020 [9] 3.5
Radius Caiti et al., 2019 [1] 1.9
Kim et al., 2017 [26] 2.5
Synek et al., 2021 [38] 2
‘Wrist CLINICAL: Del Pino et al., 2014 94 6, 8.1 2.5
[67]
CLINICAL: Sodl et al., 2002 [68] 104 6,8
Foot Smith et al., 2016 [8] Dogbone: thin in middle of the
plate
CLINICAL: Yao et al., 2021 [46]  Increased bottom width 3.5
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Table 2 (continued)

Bone type Author, year Shape Recommended measures as
a result of the research
Length (mm) Width (mm)  Thickness (mm)
Clavicle Liu et al., 2014 [10] 3.5
Vancleef et al., 2022 [41] 1.5
Spine Chen et al.,, 2023 [21] H-shaped 0.6
Peterson et al., 2018 [69] Material removed from centre of
the plate to lower stiffness
Wang et al., 2022 [44] Palm-leaf fan-shaped 32 22 5
Ulna Chakladar et al., 2016 [48] 78 9-12 4.25,4.85

of screw holes used in patient-specific bone plates ranged
from 3 to 16 (Table 3). For example in femur plates, it was
recommended to use 2-5 screw holes on either side of the
fracture. Of particular interest was the number of screws
used on either side of the fracture, and the working length,
which is defined as the length between the first screw at each
side of the fracture. The latter ranged from 5 to 102 mm.

Some studies have made recommendations on optimal
screw patterns and working length for specific bone types.
For example, in femur fixation, several studies recommend
a significant working length with limited use of screws close
to the gap [22, 39, 49]. An optimal working length for tibia
fixation ranged between 38.5- and 62.5-mm [30, 83]. Studies
that did not specify the bone type recommend a significant
working length and report on an increased flexibility in com-
pression and torsion, with unused holes nearby the gap [37].
This can also reduce the number of screws used significantly
[29]. For humerus fixation, at least three screws on each
side of the fracture and an increased working length are rec-
ommended [9, 40]. In radius fixation, it was found that the
number of screws can be reduced to three, with only minor
reduction of stiffness and strain when choosing an optimized
configuration [38] (Fig. 3).

3.4 Manufacturing techniques

Several studies have investigated manufacturing techniques
for patient-specific bone plates, with five studies using con-
ventional techniques in combination with milling (n=4) and
one un-specified method (Table 4). Besides conventional
manufacturing techniques, 3D printing techniques were eval-
uated in 17 studies for the manufacturing of plates with com-
plex geometries, with various types of powder bed fusion
techniques utilized, including selective laser sintering or
melting (n=11), direct metal laser melting (n=1), electron
beam melting (n=2), laser-based cutting and welding (n=1)
and three un-specified methods. Post-processing steps were
required for 3D printed plates to enhance fatigue strength
and reduce surface roughness [8, 10, 63], with anodizing,
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polishing, heat treatment, roll casting, acid pickling, abrasive
blasting and coating (Table 4). The manufacturing and post-
processing time ranged from 24 h till 7 days.

3.5 Clinical complications

Clinical studies were conducted on various bone plate
types, including the plates used for acetabulum/pelvis (104
patients), tibia (6 patients), wrist (30 patients), femur (8
patients), radius (24 patients) and humerus (19 patients).
In these patients, patient-specific bone plates (n=129) and
conventional bone plates (n=65) were used (Table 5). Mean
age of the patients was reported to estimate the role of osteo-
porosis. Complications associated with patient-specific bone
plates included pain of scar and surrounding tissue, infec-
tion, nerve injury, screw loosening, thromboembolism, het-
erotopic bone ossification, and reduced physical function.
For conventional bone plates, complications included wound
infection, deep vein thrombosis, traumatic arthritis, nerve
injury, and decrease in physical function.

Two studies comparing patient-specific and conventional
bone plates showed a decrease in mean surgery time when
patient-specific bone plates were used [78, 91].

4 Discussion

In the field of orthopedic surgery, there is an increasing
interest in the use of patient-specific bone plates to fixate
bones, particularly when conventional plates do not precisely
match individual anatomy. Although patient-specific plates
are associated with safe outcomes, there is a risk of plate
failure due to the lack of established design parameters that
support optimal biomechanical properties of the plate. This
literature review provides an overview of design parameters
and discusses the impact of the design parameters on biome-
chanical properties of patient-specific bone plates, to assist
designers in manufacturing optimal bone plates.
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Fig.2 a Conventional screw pattern b triangular screw pattern ((1),
which is licensed under the Creative Commons Attribution 4.0 Inter-
national License)

To ensure optimal biomechanical properties, the patient-
specific bone plate should ideally resemble the properties
of bone. The properties of a specific type of bone reflect its
function in the skeleton, which is dependent on the loading
conditions applied to that specific bone. Similarly, the design
and properties of a bone plate must match the biomechanical
requirements of the specific bone and loading conditions to
achieve optimal fixation. In an ideal situation the bone plate
is manufactured/3D-printed according to several parameters
adjusted for the patient’s specific situation: the expected load
bearing, the type of bone that needs fixation, the health/
age of the bone and the shape of the bone to provide a per-
fect fit. Physiological loading conditions on the plate vary

per fixated bone, with higher loads to withstand for lower
extremity plate fixation compared to upper extremity plate
fixation. The daily life load ranges between 0.5 and 400%
of the patient’s bodyweight, for full weight bearing [22, 35,
66, 80]. It is essential to consider bone-specific Young’s
modulus when developing plates with biomechanical prop-
erties that match the type of bone for future purposes. Stud-
ies report a higher range of yield- and tensile strength for
titanium alloys compared to stainless steel, indicating that
titanium alloys can tolerate a higher maximum stress before
undergoing plastic deformation and can withstand a higher
stress before failing. Composite materials, in general, have
a lower yield- and tensile strength, making them less suit-
able for fixating high load-bearing bones (e.g., femur and
tibia), and are therefore not used in clinical practice [48, 60].
Tantalum is a promising material which is studied mostly in
experimental or animal studies so far. Liu et al. conducted an
experimental study of a 3D-printed permanent implantable
tantalum-coated Ti6A14V bone plate for fracture fixation
[93]. The plate had an elastic modulus like cortical bone and
no stress shielding occurred. The tantalum coating enhances
the attachment and proliferation of cells on the surface. Fan
et al. tested the biomechanical properties of 3D printed tan-
talum and titanium porous scaffolds. Under uniaxial-com-
pression tests, equivalent stress of tantalum scaffold was
significantly larger than the titanium scaffolds. With vary-
ing pore diameters, they succeeded to produce stress—strain
curves of tantalum scaffolds more like pig bone scaffolds
than titanium scaffolds [94].

Stress shielding occurs when the applied load is passed
on via the bone plate instead of the bone itself. This hampers
bone remodeling and the healing process via callus forma-
tion and leads to loosening of the plate and union deformi-
ties. Stress shielding is caused by the mismatch in stiffness
between the bone plate and the bone itself. To prevent this,

Fig.3 Best and worst con- (a) (b)
figurations for each number 140 T r r T 300 T T T r
of screws with respect to axial : : :
stiffness a and peri-implant 120} ..16/16........ B17/a [ R 1.2/;,16 ............. ........ o .
strains b related to the number 0°°? 8o *00® 10/16
of subjects (10/16 means in 10 60 : o9 39%
out of 16 subjects) ((33), which = ! ~ 200l
is licensed under the Creative = S
Commons Attribution 4.0 Inter- § 80 =
national License) £ & 1501} -
b= .
2 60 : E e
g : ; 100} -4
o e e
0009 i
20} ; | f SO T gaee e
: i : : 14/16 ; e
: : : : f 14/16 13/16
0 1 1 1 1 0 1 Il 1 1
6 5 4 3 6 5 4 3

Number of Screws
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Table 4 Manufacturing- and post-processing methods per bone type

Bone type Author, year Manufacturing method Post-processing Time to develop
Femur CLINICAL: Maet al., 2017 [61]  CNC with milling Polishing; Anodizing
Tibia Kabiri et al., 2021 [55] Hot press or 3D print

Macleod et al., 2018 [29]
Shin et al., 2022 [62]

Teo et al., 2021 [73]
Teo et al., 2022 [53]
CLINICAL: Jeong et al., 2022
[84]
CLINICAL: Ma et al., 2017 [61]
CLINICAL: Oraa et al., 2023 [75]
No type specified Gupta et al., 2021 [24]

Le et al., 2023 [56]

Olender et al., 2011 [51]
Joetal., 2023 [77]
Wang et al., 2017 [42]

Pelvis

Wen et al., 2020 [64]

CLINICAL: Ijpma et al., 2021
[85]

CLINICAL: Merema et al., 2017
[86]

CLINICAL: Wang et al., 2020
[65]

CLINICAL: Xu et al., 2014 [79]

Kaymaz et al., 2022 [25]

Murat et al., 2021 [50]

Thomrungpiyathan et al., 2021
[40]
Tilton et al., 2020 [9]

Humerus

Radius Kim et al., 2017 [26]

Ulna Sharma et al., 2023 [82]

Clavicle Liu et al., 2014 [10]

Foot Edelmann et al., 2020 [87]
Smith et al., 2016 [8]

CLINICAL: Yao et al.,, 2021 [46]

Selective laser sintering

Powder bed fusion

Selective laser melting

3D print

CNC with milling
Selective laser melting

Selective laser melting

Fused deposion modelling,
0.1 mm layer height

Laser cutting and welding
Powder bed fusion

Selective laser melting

Selective laser melting
5-axes milling

CNC with milling
Selective laser melting; CNC

CNC with milling

Selective laser melting
Selective laser melting
Selective laser melting

Laser powder bed fusion with
forging

Direct metal laser melting
Fused filament fabrication
Electron beam melting
Selective laser melting
Selective laser melting
Electron beam melting

removal of supporter, surface
finishing using hand piece and
blasting with ceramic microbeat
24 h and 7 min

Support removal and beat blasting 24 h

Polishing; Anodizing

repeated cyclic heating and
cooling below the 3-transus
temperature, and milling

Blasting with ceramic microbeads Approx. 5 h
Vacuum heat treatment; Anodiz- 24 h

ing

<4 days
3 days
Heat treatment; Roll casting; Acid 3.5 days
pickling; Polishing; Anodizing
Polishing; Anodizing
Heat treatment 3-5 days
Heat treatment 13h
Abrasive blasting with zirconia 13h
Coated with polydopamine
Stress relief annealing
Polishing; Anodizing
Trimmed, polished and anodized = 3-7 days

some studies have attempted to reduce the materials' stiff-
ness to approximate that of bone. For example, Yan et al.
performed a material sweep in FEA to reduce the elastic
stiffness of a stainless-steel plate (with an original elastic
stiffness of 193 GPa) to an elastic stiffness more closely
resembling bone. When subjected to 100% body weight, a
plate with an elastic stiffness of 20 GPa failed, while a 50
GPa plate was the limit of failure [54]. Composite materials

@ Springer

have also been investigated to reduce plate (elastic) stiffness.
Chakladar et al. reported a composite (E-glass/epoxy com-
posite) with an elastic stiffness within 8% of bone (elastic)
stiffness, in theory strong enough to allow for ulnar fixation
but not for high weight-bearing bone types [48].

Poisson’s ratio characterizes the deformation of a plate in
response to strain and has an average value of 0.3 for both
cortical and cancellous bone [1, 2, 9, 22, 27, 29, 37, 39].
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Table 5 Clinical studies reporting on patient-specific bone plates used in patients with reported number of patients, mean follow-up, postopera-

tive complications and mean surgery time

Bone type Author, year Patient-specific/  Number of Mean age  Mean Postoperative complications ~ Mean
conventional patients (vears) Sfollow-up surgery time
(months) (min)
Femur Maetal., 2017 [61] Patient-specific 8 22.8 29.3 1 infection and 1 nerve injury 272
Tibia Jeong et al., 2022 [84] Patient-specific 1 38 1.5 None 65
Maetal., 2017 [61] Patient-specific 4 22.8 29.3 1 infection and 1 nerve injury 272
Oraa et al., 2023 [75] Patient-specific 1 43 5 None
Pelvis Ijpma et al., 2021 [85] Patient-specific 10 63 12 1 deep wound infection; 1
plate removal at patients
request; 4 patients reported
some decrease in physical
function after 1 year
Merema et al., 2017 [86]  Patient-specific 1 48 3 None
Wang et al., 2020 [65] Patient-specific 15 45.1 1 screw loosening
Conventional 35 46.6 1 wound infection; 1 deep
vein thrombosis; 1 traumatic
arthritis; 2 obturator nerve
injuries
Wau et al., 2020 [78] Patient-specific 20 50.1 352 None 223
Conventional 23 51 36.9 None 260
Radius Xu et al., 2014 [79] Patient-specific 24 54.8 30.8 1 preoperative bending; 1
Wrist pneumonia; 1 thrombo-
embolism; 1 sciatic nerve
injury; 1 superficial infec-
tion; 1 heterotopic bone
ossification
Dobbe et al., 2014 [80] Patient-specific 1 40 20 Pain of scar and surrounding
tissue
Dobbe et al., 2021 [88] Patient-specific 10 37 6 3 screw breakage; 4 hardware
removal; 1 patient prefer-
ence for corrective surgery
Del Pino et al., 2014 [67] Patient-specific 5 48 19 None
Schindele et al., 2022 [89] Patient-specific 14 56 12 1 plate removed because 92
of pressure sensitivity; 1
wound dehiscence
Humerus Cao et al., 2023 [90] Patient-specific 1 14 14 None
Sodl et al., 2002 [68] Patient-specific 5 16.4 26 1 Carpal tunnel syndrome
Shuang et al., 2016 [91] Patient-specific 6 46.2 10.6 None 70
Conventional 7 40.3 1 poor Mayo elbow perfor- 92
mance score
Foot Yao et al., 2021 [46] Patient-specific 1 24 36 None
Rib Ahmed et al., 2021 [92] Patient-specific 2 27 and 72 16 and 13 None

The range of Poisson’s ratio for the plates reported in the
literature varied from 0.3 to 0.35 with a median 0.3.
Geometry is another important factor affecting the biome-
chanical properties of bone plates. Plate length, width, and
thickness all have an impact on plate compliance, interfrag-
mentary strain, and callus formation. A short plate can result
in increased stress concentration on both plate and bone,
while a longer plate is more compliant and induces callus

formation [1, 27, 57]. In addition, a thicker and wider plate
generally results in a higher stiffness of the plate [48, 51].
From a clinical point of view, there is a trade-off between the
stiffness and stability of the plate and its size, as a smaller
plate is preferred to minimize the incision size and reduce
the chances of infection of surrounding tissue [42, 60].
Carefully considering the geometry of a patient-specific
bone plate can help reduce local stress concentrations on

@ Springer
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the plate. For example, MacLeod et al. increased the width
and thickness of the plate around the screw holes and gave
it a slight curve, resulting in a more even distribution of
stress over the plate, and a reduction of strain per bone
volume [29]. Other studies have investigated optimizing
plate properties by using shapes such as a “dog bone” plate
or a plate with increasing width from proximal to distal
[8, 13, 51].

Different fixation mechanisms are used for bone plate
fixation. The DCP is designed to be pressed tightly against
the bone using non-threaded screw holes, promoting primar-
ily healing. In contrast, the LP uses threaded screw holes for
a secure fixation, resulting in a mechanically stable plate
[27, 74, 78]. LPs also allow for an interface distance to pro-
mote callus formation and decrease the risk of bone necro-
sis [20, 22, 54, 66]. In addition, these plates do not require
an exact patient-specific fit [22, 54]. LPs are less prone to
screw loosening but may lead to prolonged healing [11, 74].
LCPs combine the benefits of both DCP and LP, allowing
for compression and stable fixation. They have pre-drilled
holes for both non-threaded and threaded screws [49, 74].
For example, Yan et al. designed a plate with locking screws
for angular screw fixation, combination holes where both
non-locking and locking screws could be used, in a design
that allows an interface distance to maximize perfusion and
callus forming [54]. Nevertheless, material type should be
considered when selecting a fixation mechanism, as it was
found that partially removing the threads of a titanium LP
improved the plate’s fatigue strength due to notch sensitivity
[11, 28]. All three types of fixation mechanisms have been
in use in practice, and plate failures and complications exist
for each and are comparable [22, 66, 74]. Kimsal et al. con-
ducted a FEA to compare LPs and DCPs and found that an
LP could withstand higher loads than a DCP [27]. However,
it was not clear if this was a result of the fixation mechanism
or the geometrical differences between the plates. LPs are
more expensive than DCPs [34], and an optimal fixation
mechanism has not been established in literature.

The interface distance refers to the distance between the
bone and plate after fixation and is dependent on the ana-
tomical fit of the plate, anatomical location of the fracture,
and the type of fixation mechanism used (e.g., LP, DCP or
LCP) [20]. A smaller interface distance increases stiffness
but interferes with the vascularization of the periosteum,
thereby increasing the risk of bone necrosis (20, 38). On
the other hand, a larger interface distance increases compli-
ancy, inducing strain at the fracture gap and promoting cal-
lus formation [12, 63, 66, 81]. Fixated plates with interface
distances smaller than 2.0 mm could withstand the applied
mechanical loads [12, 20, 63, 66]. Ahmad et al. and Stoffel
et al. reported on plate instability caused by a decline in
axial stiffness and torsional rigidity resulting from a 5.0- and
6.0-mm interface distance [37, 66]. Ghimire et al. also found

@ Springer

a delayed healing or even a non-union when an interface
distance of 4.0 mm was found [63].

Enlarging the working length by removing the screw
adjacent to the fracture resulted in a reduction of 64% and
36% of axial stiffness and torsional rigidity, respectively
[37, 45, 63, 70]. Every subsequent screw removal reduced
axial stiffness and torsional rigidity by an additional 10%.
Maximum stress was observed around the screw holes clos-
est to the fracture gap within the plate. By solidifying these
screw holes, the working length increases and the stress that
was initially concentrated around the holes closest to the
fracture gap are now distributed over the whole working
length of the plate instead [2, 12, 13, 29, 39, 54, 63]. In addi-
tion, the working length must be adjusted to the size of the
fracture and the interface distance of the plate, as instabil-
ity increases with a larger fracture combined with a longer
working length, and a larger interface distance requires a
smaller working length [63].

Yield strength and stress distribution improved when
a triangular or alternating pattern of screws was used [1].
There was no effect on axial stiffness when more than three
screws were used proximally and distally from the fracture
[37]. Torsional rigidity did not increase with more than four
screws on both sides of the fracture.

Conventional plates were compared to 3D printed plates,
and the latter showed comparable or increased elastic stiff-
ness, yield strength and hardness [8-10, 26, 42, 65]. In terms
of post-processing, e.g., heat treatment of the 3D printed
plates was necessary to achieve comparable fatigue strength
to conventional plates [8]. Residual stresses in the 3D printed
parts can occur because of the 3D printing process. This
could affect the fatigue strength of the implant and can also
result in warping. Heat treatment can reduce these residual
stresses. Furthermore, 3D printed plates need to be polished
to remove support structures of the printing and to obtain a
smooth surface that prevents infection, friction at bone-plate
interface, and bone ingrowth [10, 42]. Despite these posi-
tive results, 3D printing technology is still new, and further
research is required to evaluate the biomechanical behavior
of 3D printed plates and establish optimal parameters (e.g.,
build orientation, processing protocols, and post-processing
techniques) [9, 80, 95]. However, 3D printed patient-specific
implants have been used in surgery, with limited postopera-
tive complications [80].

Three studies compared clinical outcomes between
patients who received conventional bone plates and those
who received patient-specific bone plates [65, 78, 91].
The rate of anatomical reduction was higher in the patient-
specific bone plate group, and fewer complications were
observed [61, 65, 78]. In addition, patients who underwent
surgery with a patient-specific bone plate had a shorter mean
operation time. This was attributed to the need for prebend-
ing of conventional bone plates during surgery [78, 91].
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This review provides an overview of different design
parameters for bone plates, but the results should be inter-
preted carefully for several reasons. The studies included
in this literature review did not investigate a single param-
eter, but rather a combination of parameters to design the
desired plate. The variations in the combination of param-
eters evaluated, challenge the establishment of the effect on
biomechanical properties of the plate because of a single
parameter. Also, the extend of simplification of boundary
conditions in FEA and experimental protocol and setup,
varied between studies, which challenges the comparison
of outcomes between studies. Furthermore, it is yet unclear
to what extent the experimental results are applicable to the
clinical setting. The clinical papers showed safe and effec-
tive use of patient-specific bone plates [86, 91], but how the
experimental findings relate to the clinic is not yet clear.
Future studies should aim to establish standard protocols
for testing and evaluating patient-specific bone plates to
improve their clinical translation.

This paper focused on design parameters for patient-spe-
cific bone plates in orthopedic surgery, excluding findings
reported by maxillofacial and cranial studies while these
disciplines have a lot of experience with bone plate fixa-
tions. Also, the effect of screw length and diameter were not
included in this study since the focus was on plate properties
themselves.

5 Conclusion

The biomechanical properties of bone plates, including elas-
tic stiffness, yield strength, tensile strength, and Poisson’s
ratio, are determined by a combination of factors, such as
material properties, geometry, interface distance, fixation
mechanism, screw placement, working length, and manufac-
turing techniques. This review serves as a useful reference
guide for determining which parameters should be adjusted
to achieve the desired biomechanical properties of a plate
for fixation of a specific type of fracture.
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