
Vol:.(1234567890)

European Spine Journal (2019) 28:2198–2207
https://doi.org/10.1007/s00586-019-06012-2

1 3

ORIGINAL ARTICLE

Supplementary delta‑rod configurations provide superior stiffness 
and reduced rod stress compared to traditional multiple‑rod 
configurations after pedicle subtraction osteotomy: a finite element 
study

Pedro Berjano1 · Ming Xu2 · Marco Damilano1 · Thomas Scholl2 · Claudio Lamartina1 · Michael Jekir2 · 
Fabio Galbusera1

Received: 9 September 2018 / Revised: 15 March 2019 / Accepted: 13 May 2019 / Published online: 25 May 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Purpose  The biomechanical performance of conventional multi-rod configurations (satellite rods and accessory rods) in 
pedicle subtraction osteotomies has been previously studied in vitro and using finite element models (FEM). Delta and delta-
cross rods are innovative multi-rod configurations where the rod bends were placed only in its proximal and distal extremi-
ties in order to obtain a dorsal translation of the central part of the rod respect to the most angulated area of the main rods. 
However, the biomechanical properties of the delta and delta-cross rods have not been investigated. This study used FEM 
to analyze the effect of delta-rod configurations on the stiffness and primary rod stress reduction in multiple-rod constructs 
after pedicle subtraction osteotomy.
Methods  The global range of motion in the spine and the magnitude and distribution of the von Mises stress in the rods were 
studied using a spine finite element model described previously. A follower load of 400 N along with moments of 7.5 N in 
flexion/extension, lateral bending, and axial rotation were tested on the spine model. Initial breakage was created on the rod 
based on the maximum stress location. The post-breakage models were tested under flexion.
Results  Delta and delta-cross rods reduced more range of motion (up to 45% more reduction) and reduced more primary 
rod stress than other previously tested rod configurations (up to 48% more reduction). After initial rod fracture occurred, 
delta and delta-cross rods also had less range of motion (up to 23.6% less) and less rod von Mises stress (up to 81.2% less) 
than other rod configurations did.
Conclusions  Delta and delta-cross rods have better biomechanical performance than satellite rods and accessory rods in 
pedicle subtraction osteotomies in terms of construct stiffness and rod stress reduction. After the initial rod breakage occurred, 
the delta and delta-cross rods could minimize the loss of fixation, which have less rod stress and greater residual stiffness 
than other rod configurations do. Based on this FEA study, delta-rod configurations show more favorable biomechanical 
behavior than previously described multi-rod configurations.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0058​6-019-06012​-2) contains 
supplementary material, which is available to authorized users.
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Key points 

1. Delta and delta-cross rods have better biomechanical performance than 
satellite rods and accessory rods in pedicle subtract osteotomies in terms 
of construct stiffness and rod stress reduction.

2. After the initial rod fracture occurred, the delta and delta-cross rods 
could minimize the loss of fixation, have less rod stress and greater 
residual stiffness than other rod configurations do.

3. Delta rod configurations show more favorable biomechanical behavior 
than previously described multi-rod configurations.

Berjano P, Xu M, Damilano M, Scholl T, Lamartina C, Jekir M, Galbusera F (2019)
Supplementary Delta-Rod configurations provide superior stiffness and reduced rod 
stress compared to traditional multiple-rod configurations after pedicle subtraction 
osteotomy: A Finite Element Study. Eur Spine J;

Spine models tested in this study, left lateral and posterior views: (a) SR: Two main rods, no 
interbody cage, no supplementary rods; (b) 2MSA: Interbody XLIF cage in L2-L3, two 

supplementary short rods, parallel and medial to main rods, linked to main rods at L1-L2 and L4-
L5; (c) 2MLA: Interbody XLIF cage in L2-L3, two suplementary short rods, parallel and medial to 
main rods, linked to main rods at T12-L1 and L5-S1;  (d) 2SD: Interbody XLIF cage in L2-L3, two 
satellite deep-short rods linking the L2 and L4 pedicle screws not connected to main rods, main 

rods not connected to L2 and L4 pedicles; notice that the bend of the main long rods is less sharp 
than in the other configurations; (e) 1DC:  Interbody XLIF cage in L2-L3, one delta rod linked to 
left main rod at T12-L1 and to right main rod at L5-S1; (f) 2DC: Interbody XLIF cage in L2-L3, 
first delta rod linked to left main rod at T12-L1 and to right main rod at L5-S1, second delta rod 
linked to right main rod at T12-L1 and to left main rod at L5-S1; (g) 2D: Interbody XLIF cage in 
L2-L3, first delta rod linked to right main rod at T12-L1 and to right main rod at L5-S1, second 

delta rod linked to left main rod at T12-L1 and to left main rod at L5-S1.

Comparison of the rod von Mises stress (MPa) of six rod configurations in pre-
fracture and post- fracture conditions under: (a) flexion; (b) extension; (c) 

lateral bending (maximum value in left/right); and (d) axial rotation 
(maximum value in left/right). 
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Supplementary Delta-Rod configurations provide superior stiffness and reduced rod 
stress compared to traditional multiple-rod configurations after pedicle subtraction 
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Take Home Messages

1. Delta and delta-cross rods can provide higher construct stiffness to 
the spine and reduce more primary rod stress than the satellite 
rods and other conventional connector-attached accessory rods do.

2. Delta rods and delta-cross rods are able to contain and minimize 
the fixation loss while more sudden and catastrophic loss of multi-
level fixation would occur in subjects with satellite rods. 

Berjano P, Xu M, Damilano M, Scholl T, Lamartina C, Jekir M, Galbusera F (2019)
Supplementary Delta-Rod configurations provide superior stiffness and reduced rod 
stress compared to traditional multiple-rod configurations after pedicle subtraction 
osteotomy: A Finite Element Study. Eur Spine J;

Keywords  Pedicle subtraction osteotomy · Multi-rod fixation · Range of motion · Rod von Mises stress · Finite element 
analysis · Post-fracture

Introduction

Pedicle subtraction osteotomy (PSO) has been widely used 
to achieve significant alignment corrections in adult deform-
ity, which may achieve a lordosis angle up to 30°–35° at one 
single level [1–4]. Rod fracture is one concerning complica-
tion related to PSO, which can cause loss of posterior fixa-
tion and correction, pain, and neurological impairment [5, 
6]. Revision surgery is often required after the rod fracture 
[7–9]. Different approaches have been introduced to improve 
the rod survival rate in PSO, such as bone-to-bone oste-
otomies [10], multiple-rod configurations [11, 12], adding 
interbody (IB) cage adjacent to PSO level [13], and utiliza-
tion of cobalt chrome rods as alternative to titanium rods 
[14]. In PSO with multi-rod configurations, accessory rods 
and satellite rods proved to reduce the rod stress and increase 
the stability of the fixation [15–17].

Most of the multiple-rod configurations proposed in the 
past have in common the uniplanar configuration with posi-
tion of all the rods at a close sagittal distance to a common 
frontal plane. Past experience derived from external fixation 
for limb fractures or reconstruction with the Hoffmann exter-
nal fixation frame has shown how multi-planar constructs 
have substantial mechanical advantages in terms of stiffness 
and resistance to failure [18, 19].

The first author (PB) introduced the concept of delta rod 
(DR) for revision cases in rod failure after three-column 
osteotomy (3CO). Delta rod was defined as a configuration 
where one or two accessory rods were connected to the main 
rods around a 3CO, avoiding bending the third and fourth 
rods with exact matching of the sagittal shape of the main 
rods. Instead of this, the rod bends were placed only in its 
proximal and distal extremities in order to obtain a dorsal 
translation of the central part of the rod respect to the most 
angulated area of the main rods (Fig. 1).

Finite element models (FEMs) reproduce well the behav-
ior of the intact and instrumented spine and allow study-
ing and comparing the effects of different instrumentation 
constructs [20]. The objective of this study is to compare, 
by means of FEM, the mechanical properties of various DR 
configurations to other conventional rod configurations after 
PSO regarding construct stiffness and rod stress. The second 
aim of the study is to compare the residual mechanical prop-
erties of the constructs after primary rod breakage.

Fig. 1   Delta-rod configurations: a posterior intra-operative image of 
delta configuration; b lateral radiograph of delta configuration
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Materials and methods

In a previous study, a nonlinear three-dimensional FEM 
spine model of T12-sacrum was developed and validated. 
Details of the model and validation have been described 
elsewhere [15]. The range of motion predicted by the spine 
FEM was validated against a cadaveric experimental test.

The models of pedicle screw and rod were created in PTC 
Creo Parametric 2.0 (PTC, Needham, MA). The screws have 
an outer diameter of 6.5 mm and were made from titanium 
alloy (Ti6Al4V) with a Young’s modulus of 113.8 GPa and 
a Poisson’s ratio of 0.3. The rods have a diameter of 5.5 mm 
and were made from cobalt–chromium with a Young’s mod-
ulus of 210 GPa and a Poisson’s ratio of 0.29. The pedicle 
screws and the rod connectors were meshed by tetrahedral 
elements, and the rod was meshed by hexahedral elements 
in Hyperworks (Altair Engineering Inc., Troy, MI, USA). 
The connection between the rod and connector, connection 
between the screw and vertebra, and connection between 
the screw and rod were simulated as bonded contacts where 
no relative movement is permitted between the contacting 
surfaces. The contact between the interbody cage and end-
plates was simulated as bonded contact, which didn’t allow 
separation and sliding at the contact surface. The simulations 

were performed in ANSYS R18.0 (ANSYS Inc., Canons-
burg, PA, USA).

The FEM of the spine was modified with a 25° PSO at L3 
as previously described [15]: The osteotomies were created 
by removing all the posterior elements of L3 using a 25° 
wedge and then closing the osteotomy. The spine FEM was 
instrumented with bilateral pedicle screws at each level from 
T12 to L2 and L4 to S1, interbody XLIF cage at L2–L3, 
and supplementary rods connected to the main rods in two 
points. The primary rods were contoured to follow the spinal 
curvature.

The following PSO rod configurations were simulated in 
the FEM (Fig. 2):

(a)	 Single rod with PSO (without L2–L3 cage) (SR);
(b)	 Bilateral medial short auxiliary rods (2MSA);
(c)	 Bilateral medial long auxiliary rods (2MLA);
(d)	 Bilateral short-deep satellite rods (2SD);
(e)	 Single cross delta rod (1DC);
(f)	 Double cross delta rod (2DC);
(g)	 Bilateral medial delta rods (2D).

Each spine model was preloaded with a follower load 
of 400 N using connector elements along the spinal curva-
ture in combination of pure moments of 7.5 Nm in flexion, 

Fig. 2   Spine models tested in this study, left lateral and posterior 
views: a SR: Two main rods, no interbody cage, no supplementary 
rods; b 2MSA: interbody XLIF cage in L2–L3, two supplementary 
short rods, parallel and medial to main rods, linked to main rods at 
L1–L2 and L4–L5; c 2MLA: interbody XLIF cage in L2–L3, two 
supplementary short rods, parallel and medial to main rods, linked 
to main rods at T12–L1 and L5–S1; d 2S: interbody XLIF cage in 
L2–L3, two satellite deep-short rods linking the L2 and L4 pedicle 
screws not connected to main rods, main rods not connected to L2 
and L4 pedicles; notice that the bend of the main long rods is less 

sharp than in the other configurations; e 1DC: interbody XLIF cage 
in L2–L3, one delta rod linked to left main rod at T12–L1 and to right 
main rod at L5–S1; f 2DC: interbody XLIF cage in L2–L3, first delta 
rod linked to left main rod at T12–L1 and to right main rod at L5–S1, 
second delta rod linked to right main rod at T12–L1 and to left main 
rod at L5–S1, no contact between the two cross rods; g 2D: interbody 
XLIF cage in L2–L3, first delta rod linked to right main rod at T12–
L1 and to right main rod at L5–S1, second delta rod linked to left 
main rod at T12–L1 and to left main rod at L5–S1
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extension, lateral bending, and axial rotation applied at the 
superior endplate of T12 [21]. The sacrum was constrained 
in all degrees of freedom. In the 2DC configuration, no con-
tact between the two cross rods was defined.

The maximum von Mises stresses in the rods were meas-
ured for each rod configuration and loading condition. The 
locations where the maximum stress occurred on the rods 
were also compared for all the configurations. The global 
range of motion (ROM) of L1–S1 spine levels was meas-
ured for flexion, extension, left/right lateral bending, and 
left/right axial rotation.

First, the ROM of the spine, the magnitude of maximum 
values, and distribution of von Mises stress in the rods were 
recorded and compared. Secondly, to investigate the rod 
stress after fracture in the rods occurs, the elements at the 
maximum stress locations predicted in previous simulations 
were removed from the model to simulate rod fracture. The 
first layer of element surrounding the highest stress was 
removed. Post-fracture models were generated for six con-
figurations tested in this study: 2MSA, 2MLA, 1DC, 2DC, 
2D, and 2S. A preload of 400 N and a flexion moment of 
7.5 Nm were applied on the post-fracture models. The mag-
nitude and distribution of von Mises stress in the rods and 
the global ROM of the spine in the post-fracture models 
were calculated and compared with those in the pre-fracture 
conditions.

Results

Range of motion

The change in ROM was calculated for each of the rod con-
figurations compared to that in SR model (Table 1). In the 
previous study [15], the configuration with highest stiffness 
(champion configuration) after PSO with interbody cage was 
the addition of two short satellite rods (2S: up to − 45%), 
followed by the addition of two long accessory rods linked 
to the main rod (2MLA: up to − 36%). In the present test, 
all the delta configurations showed stiffness superior to the 
champion configuration of the previous study (SD). Further-
more, the stiffest configuration was the delta double cross 
(2DC: up to − 52%). Longer accessory rods performed bet-
ter (2MLA: up to − 36%) than the short accessory rods did 
(2MSA: up to − 19%). In lateral bending and axial rotation, 
delta-cross rods and delta (D) rods had the most emerging 
advantage over conventional accessory rods (up to − 41% 
more ROM reduction).

von Mises stress in the rod

The stress variation in the rods was calculated relative to 
the PSO condition (Table 2). In the previous study [15], 
the configuration with lowest rod von Mises stress (cham-
pion configuration) after PSO with interbody cage was the 
addition of two deep-short satellite rods (2S: up to − 50%), 

Table 1   Comparison of range of 
motion change in primary rods 
in different rod configurations 
relative to that in PSO

Configuration Flexion Extension Right lateral 
bending

Left lateral 
bending

Right axial 
rotation

Left axial rotation

SR 3.2° 0.5° 2.0° 2.0° 2.8° 2.8°
2S − 20% − 45% − 16% − 16% − 15% − 15%
2MSA − 14% − 1% − 11% − 11% − 19% − 19%
2MLA − 25% − 14% − 22% − 22% − 36% − 36%
1DC − 25% − 51% − 31% − 43% − 49% − 23%
2DC − 39% − 46% − 52% − 52% − 49% − 49%
2D − 41% − 47% − 26% − 26% − 45% − 45%

Table 2   Comparison of maximum von Mises stress change in primary rods in different rod configurations relative to that in PSO

Configurations Flexion Extension Right lateral bending Left lateral bending Right axial rotation Left axial rotation

SR 286 MPa 92 MPa 228 MPa 228 MPa 247 MPa 247 MPa
2S − 50% − 2% − 43% − 43% − 27% − 27%
2MSA − 29% 34% − 16% − 16% − 20% − 20%
2MLA − 35% 4% − 25% − 25% − 20% − 20%
1DC − 31% − 14% − 20% − 27% − 30% − 20%
2DC − 45% − 13% − 25% − 25% − 31% − 31%
2D − 48% − 14% − 27% − 27% − 38% − 38%
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followed by the addition of two long accessory rods linked 
to the main rod (2MLA: up to − 35%). In the present test, 
compared with the champion configuration in the previous 
study (SC), double DC rods and D rods showed equiva-
lent primary rod stress reduction in flexion (2S: − 50%, 
2DC: − 45%, 2D: − 48%), more primary rod stress reduc-
tion in extension (2S: − 2%, 2DC: − 13%; 2D: − 14%) and 
axial rotation (2S: − 27%, 2DC: − 31%; 2D:− 38%) but 
less stress reduction in lateral bending (2S: − 43%, 2DC: 
− 25%; 2D: −  27%). The double DC rods and D rods pro-
duced substantially more primary rod stress reduction than 
all the conventional accessory rod configurations under 
all loading conditions. Among all the loading conditions, 
flexion produced the highest primary rod von Mises stress 
in all rod configurations, which identified flexion as worst-
case loading condition.

As shown in Fig. 3, during flexion (worst-case loading 
condition), the maximum von Mises stress occurred at the 
root of connector or pedicle screw in primary rod outside 
the osteotomy level in all supplemented-rod configurations 
after PSO except for the long accessory rods. In the non-
supplemented PSO configuration and the configuration 
with long conventional accessory rods, the maximum von 
Mises stress occurred at the osteotomy level [15].

Post‑fracture models

As flexion is the worst-case loading mode, the post-fracture 
models were generated by removing elements at fracture 
location in the primary rods where the maximum von Mises 
stress occurred during flexion. The post-fracture models 
were tested under flexion/extension, left/right lateral bend-
ing, and left/right axial rotation.

As shown in Fig. 4, after the initial breakage, satellite 
rods had up to 59.2% (in lateral bending) increase in rod 
von Mises stress, whereas DC rod had rod von Mises stress 
increase of only up to 7.6% (in flexion) and 2D rods had up 
to 15.3% increase (in flexion). As a result, single DC rod 
produced up to 16.6% (in extension) lower rod von Mises 
stress than satellite rods did while double DC rods produced 
up to 23.2% (in axial rotation) and double D rods produced 
up to 23.6% (in axial rotation) lower primary rod von Mises 
stress than satellite rods did.

As shown in Fig. 5, after the initial breakage, satellite 
rods had up to 440.8% (in lateral bending) increase in ROM, 
whereas double DC rod had ROM increase of up to 13.6% 
(in lateral bending) and double D rods had up to 22.7% 
increase (in axial rotation). As results, single DC rod pro-
duced up to 76.5% (in extension) lower ROM than satel-
lite rods did while double DC rods produced up to 79.9% 
(in extension) and double D rods produced up to 81.2% (in 
extension) lower ROM than satellite rods did.

Fig. 3   Comparison of von 
Mises stress distribution in the 
rods in different configurations 
under flexion. The stress color 
bar is scaled to 0–200 MPa for 
all configurations. Maximum 
stress location marked in red
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After rod fracture (Fig. 5), the fracture area became 
unstressed and not load-bearing while the stress in the 
contralateral side substantially increased. The new maxi-
mum stress location shifted to the non-fractured rods, while 
approximately maintaining the same location in the rod. In 
the PSO with satellite rods configuration, the unstressed area 
on the fractured rod was between the pedicle screws on L2 
and L5. In PSO with long accessory rods, the unstressed area 
on the broken rod was between the connectors on T12–L1 
and on L5–S1. With DC rods and D rods, the unstressed area 
on the fractured rod was contained to only one level.

Discussion

In the present study, we compared the PSO supplemented 
with D and DC rods with the PSO with conventional acces-
sory rods and satellite rods. The global ROM of the spine 
model reflected the stiffness of the spine and the von Mises 
stress in the rod can gauge the risk of rod fracture. It is 
not feasible to measure the continuous stress distribution 
in the rod using physical tests, but strain in the rod can be 
measured at discrete locations in the rod using experimental 
studies [15–17, 22]. This study also investigated the stress 

distribution on the rods during different loading conditions. 
The spine FEM we employed in this study was previously 
validated, and the findings provided by these models proved 
to be well consistent with clinical observations [15].

Since the bending moments applied on the spine models 
are constant among all the configurations, comparing the 
relative ROM can reflect the stiffness among different rod 
configurations. Our previous study showed satellite rods 
reduced more stress in the primary rods than other rod con-
figurations did after PSO [15]. The present study showed 
that PSO supplemented with 2D and 2DC rods reduced 
more ROM than PSO with conventional accessory rods/
satellite rods did in all loading conditions. Due to the high 
lordosis created by PSO, higher spinal loads were placed 
on the posterior column of the spine. Thus, considerably 
more load is transferred to the posterior fixators after PSO 
[11]. This study hypothesized that 2D and 2DC rods have a 
more favorable load path than the highly angulated conven-
tional accessory rods do because they provide more straight 
axial support bridging the superior and inferior parts of the 
construct and are in a more posterior position shielding the 
primary rods in PSO level. D and DC rods increased con-
struct stiffness at the PSO level; therefore, the rod stress is 
reduced. This hypothesis should be further investigated in 

Fig. 4   Comparison of the rod von Mises stress (MPa) of six rod configurations in pre-fracture and post-fracture conditions under: a flexion; b 
extension; c lateral bending (maximum value in left/right); and d axial rotation (maximum value in left/right)
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the clinical studies and cadaveric studies. This could explain 
the considerable fixation stiffness increase provided by delta 
and cross rods. More importantly, DC rods provide trans-
verse connection between two primary rods without requir-
ing additional transverse connectors. This unique “transverse 
bridging effect” provided by 2DC can explain the spinal sta-
bility improvement provided in axial rotation.

In terms of rod von Mises stress, our FEA results indicate 
that PSO with DC rods and D rods reduced considerably 
more rod stress than conventional accessory rod in all load-
ing conditions (up to 18% more). The DC and D rods also 
reduced more primary rod stress than satellite rods did dur-
ing axial rotation and extension and produced comparable 
primary rod stress reduction in flexion. Maximum rod stress 
concentrated at the root of connector/rod attaching areas in 
configurations with both conventional accessory rods and 
cross and delta rods (Fig. 6). In the configurations with sat-
ellite rods, since no rod connectors attached to the primary 
rods, less stress concentration effect occurred and the pri-
mary rod stress tended to be more distributed. This finding 

is consistent with those reported by previous studies [17, 
23]. This can also explain the reason why the satellite rods 
reduced more rod stress than rod-connector-attached acces-
sory rods did. Since DC and D rods also used rod connectors 
attaching the primary rods, stress concentration occurred at 
the root of connector in primary rods. Even with such stress 
concentration, it is interesting to observe that the DC and 
D rods were comparable or superior to the satellite rods in 
terms of the primary stress reduction. Overall, considering 
the superior ROM and rod stress reduction provided by the 
DC and D rods, DC and D rods have demonstrated biome-
chanical advantage over conventional accessory rods and 
satellite rods in PSO subjects.

Assuming the initial rod fracture occurs at the location of 
maximum von Mises stress in pre-breakage condition, the 
post-breakage rod stress and stiffness of the fixation were 
simulated by generating the breakage in the rod at that point. 
After the breakage, DC and D rods had tremendous advan-
tage over the satellite rods in terms of both rod von Mises 
stress and ROM. Since the satellite rods were not attached to 

Fig. 5   Comparison of the global range of motion (degree) of six rod configurations in pre-fracture and post-fracture conditions under: a flexion; 
b extension; c lateral bending (maximum value in left/right); and d axial rotation (maximum value in left/right)
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the primary rods, the satellite rods could not provide support 
to the breakage area on the primary rods, whereas D and 
DC rods could cover the breakage area and reduce the loss 
of fixation. In PSO with satellite rods, the broken rod lost 
three levels of fixation on one side while PSO delta-cross 
rods and delta rods only lost 1 level of fixation on one side. 
Thus, D and DC rods could minimize the loss of fixation 
after the initial rod fracture occurs and reduce the risk of 
further breakage. Conversely, in satellite rod configurations, 
the immediate loss of multi-level fixation might result in 
catastrophic further failure in the fixation.

Limitations of this study should be considered. First, 
the contacts between rod and rod connectors and between 
the rod and screws were simplified as a bonded connection, 
where no relative movement is allowed at the contact sur-
face. This might magnify the stress concentration effect on 
the rods, which might make the absolute stress value pre-
dicted in this study slightly higher than that in physical or 
cadaveric study. However, since this study focused on com-
paring different rod configurations relative to each other, and 
since continuous rod stress is not feasible to measure using 
experimental study, the utilized contact definition served the 
context of use of this study. Second, cyclic loading test was 
not performed in this study and the alternating stress on 
the rods was not calculated. It would also be interesting to 

simulate the cyclic loads on the rod configurations in this 
study using test blocks similar to ASTM F1717 setup [24], 
which is currently ongoing. Future clinical study is also 
required to further investigate the long-term effect of the 
delta and cross rods tested in this FEA study. Third, adding 
anterior support like interbody cage might also reduce the 
load and stress in the posterior fixation [25, 26]. However, 
the focus of this study is on the configurations of the poste-
rior fixation. The interbody cage condition is kept consistent 
among different rod configurations. Fourth, the notch effect 
on the rods was not addressed in this study. It is challenging 
to measure or simulate the notch condition on the rod in 
experimental or computational study since great variations 
in surface condition exist. However, since no stress concen-
tration was observed in the most bended area in the delta 
rod in this study, the notch effect won’t affect the worst-case 
configuration prediction in this study. To the best of our 
knowledge, no study has been performed to investigate notch 
effect on the rod. We will investigate the notch effect on the 
rods in the future study. Fifth, the anatomical compatibility 
should be considered before utilizing D and DC rod con-
figurations in clinical practice. However, this study mainly 
focuses on investigating the biomechanical performance of 
the D and DC rods. The anatomical compatibility will be 
investigated in future studies.

Fig. 6   Comparison of von 
Mises stress distribution in the 
rods in different configurations 
after fracture in rods under 
flexion. The stress color bar 
is scaled to 0–200 MPa for all 
configurations. Red arrows 
indicate maximum von Mises 
stress location
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Conclusion

This study indicates that the D and DC rods can provide 
higher construct stiffness to the spine and reduce more pri-
mary rod stress than the satellite rods and other conventional 
connector-attached accessory rods do. After rod fracture 
occurred in PSO subjects, D rods and DC rods are able to 
contain and minimize the fixation loss while more sudden 
and catastrophic loss of multi-level fixation would occur in 
subjects with satellite rods. Based on this FEA study, delta-
rod configurations show more favorable biomechanical 
behavior than previously described multi-rod configurations.
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