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Abstract
Purpose  To evaluate whether 3D-printed vertebrae offer realistic haptic simulation of posterior pedicle screw placement 
and decompression surgery with normal to osteoporotic-like properties.
Methods  A parameterizable vertebra model was developed, adjustable in cortical and cancellous bone thicknesses. Based on 
this model, five different L3 vertebra types (α, β, γ1, γ2, and γ3) were designed and fourfold 3D-printed. Four spine surgeons 
assessed each vertebra type and a purchasable L3 Sawbones vertebra. Haptic behavior of six common steps in posterior spine 
surgery was rated from 1 to 10: 1–2: too soft, 3–4: osteoporotic, 5–6: normal, 7–8: hard, and 9–10: too hard. Torques were 
measured during pedicle screw insertion.
Results  In total, 24 vertebrae (six vertebra types times four examiners) were evaluated. Mean surgical assessment scores 
were: α 3.2 ± 0.9 (osteoporotic), β 1.9 ± 0.7 (too soft), γ1 4.7 ± 0.9 (osteoporotic–normal), γ2 6.3 ± 1.1 (normal), and γ3 
7.5 ± 1.1 (hard). All surgeons considered the 3D-printed vertebrae α, γ1, and γ2 as more realistic than Sawbones vertebrae, 
which were rated with a mean score of 4.1 ± 1.7 (osteoporotic–normal). Mean pedicle screw insertion torques (Ncm) were: 
α 32 ± 4, β 12 ± 3, γ1 74 ± 4, γ2 129 ± 13, γ3 196 ± 34 and Sawbones 90 ± 11.
Conclusions  In this pilot study, 3D-printed vertebrae displayed haptically and biomechanically realistic simulation of poste-
rior spinal procedures and outperformed Sawbones. This approach enables surgical training on bone density-specific vertebrae 
and provides an outlook toward future preoperative simulation on patient-specific spine replicas.

Graphical abstract  These slides can be retrieved under Electronic Supplementary Material.
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Introduction

Spinal fusion surgery with posterior pedicle screws is con-
sidered the gold standard in the surgical correction of spi-
nal deformities, fractures, and tumors [1, 2]. Thus, pedicle 
screw fixation is an essential skill spine surgeons have to 
master, but high levels of expertise and knowledge about 
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the anatomic landmarks are of paramount importance [3]. 
Screw misplacement may lead to nonunion, irritation of 
nerve roots, dural lesions, pedicle fractures, and vascular 
injuries [4, 5].

In traditional surgical education, which has been suc-
cessful for generations, trainees perform surgery on real 
patients under supervision of experienced surgeons. How-
ever, with rapidly developing alterations in surgical pro-
cedures and the heightened focus on patient safety, the 
demand for training options in a low-stress environment 
is increasing. As an adjunct to the hands-on clinical expe-
rience, surgical training on cadavers, bone replicas, and 
computer simulators is continuing to gain in importance 
[6]. In recent years, three-dimensional (3D) printing has 
entered the field of modern spine surgery and its educa-
tion, for instance, in construction of patient-specific tem-
plate guides and manufacturing spine replica for preopera-
tive planning and surgical training [7–11]. However, so far 
there is still no literature about bone surrogates for hap-
tically realistic simulation of spinal surgical procedures.

The purpose of this study was to validate haptics and 
biomechanics during surgical simulation of pedicle screw 
insertion and decompression surgery using a parameteriza-
ble vertebra model that is configurable in cortical and can-
cellous bone properties. We hypothesized that adjusting 
parameters of this model can lead to bone density-specific 
vertebrae with tactile behavior similar to real vertebrae 
with normal and osteoporotic bone quality. Further, we 
aimed to provide an outlook toward the future potential in 
preoperative haptic simulation of spine surgery on patient-
specific spine replicas based on this parameterizable ver-
tebra model.

Materials and methods

Computer‑aided modeling

As a template for the outer shape of the 3D-printed verte-
brae, a commercially available L3 surgical training vertebra 
(Model 1378603; Sawbones®, Vashon, WA, USA) (Saw-
bones) was used. A CT scan of the Sawbones was acquired 
with a slice thickness of 1 mm. Afterward, segmentation, 
3D reconstruction, and transformation to the standard tri-
angulation language (STL) format of the image data were 
performed with specialized software (MIMICS®, Materi-
alise, Leuven, Belgium). This data format represented the 
outer shape of the 3D-printed vertebrae and served as a base 
for the development of a parameterizable model, adjustable 
in cortical and cancellous bone parts, i.e., general cortical 
thickness (GCT), lateral pedicle cortical thickness (LPCT), 
medial pedicle cortical thickness (MPCT), and trabecular 
thickness (TT). Adjusting these parameters was performed 
with the 3D modeling software Netfabb (Autodesk®, San 
Rafael, CA, USA) and CASPA® (Balgrist CARD AG, 
Zurich, Switzerland).

Cancellous and cortical bones were differentiated by con-
figuring a regular internal offset from the outer shape (GCT), 
with the envelope functionality of Netfabb (Fig. 1a). Empha-
sis was placed on realistic proportions in lateral and medial 
pedicle wall thickness (LPCT and MPCT) as this region is 
crucial for the training of correct pedicle screw placement. 
3D-designed lateral and medial hemicylinders of which the 
radii were defined as pedicle radius minus desired LPCT 
and MPCT, respectively, were placed in the pedicle centrally 
(Fig. 1a, b). Subtracting the hemicylinders from the cortex 
led to the desired pedicle cortex diameters. Finally, to allow 

Fig. 1   Illustration of processes during 3D modeling. a View from 
superior on vertebra cut in a transversal plane at pedicle level. Gray: 
outer part (cortex). Brown: inner part (cancellous). Red: medial hemi-
cylinder. Blue: lateral hemicylinder; GCT, general cortical thickness. 

b View from posterolateral on vertebra cut in the coronal plane at 
pedicle level. MPCT, medial pedicle cortical thickness; LPCT, lateral 
pedicle cortical thickness. c Cortex openings and covers for removal 
of support material after 3D printing
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the removal of the support material after 3D printing, open-
ings and covers in the cortical structures were 3D-designed 
at points uninvolved in the following surgical simulation, 
namely at the inferior articular process and ventral vertebral 
body (Fig. 1c).

The gyroid, a mathematical minimal surface structure, 
was used for simplification and parameterization of can-
cellous bone (Fig. 2a). The mathematical gyroid equation 
0 = sin (c ∗ x) ∗ cos (c ∗ y) + sin (c ∗ y) ∗ cos (c ∗ z)+

sin (c ∗ z) ∗ cos (c ∗ x) , was transformed to a 3D surface 
model with Netfabb, where c is a constant to control scaling 
of the structure. In all vertebrae, we used c = 2.5, leading 
to a 250% scaling of proportions. A block of gyroid was 
3D-constructed in the size of the inner part of the vertebra 
with an accuracy of the 3D surface of 0.7 mm. The shape of 
the cancellous bone of the vertebra was achieved by inter-
secting the inner part of the vertebra and the gyroid block 
(Fig. 2b).

An initial vertebra α was designed that took into account 
findings of anatomic studies on L3 vertebrae [12, 13], by 
accordingly adjusting the configurable parameters GCT, 
LPCT, MPCT, and TT (Table 1). LPCT in vertebra α was 
set to 0.6 mm and MPCT to 0.8 mm, which was in an LPCT/
MPCT ratio of 3:4, and the trabecular thickness was set to 
0.2 mm. Four additional vertebrae were 3D-designed using 
the same method, in which values for cortical and trabecular 
thickness were decreased (β) and gradually increased (γ1, 
γ2, and γ3), respectively. The LPCT/MPCT ratio of 3:4 was 
kept in all vertebrae. In relation to vertebra α, LPCT and 
MPCT were decreased to 50% in β and increased to 200% 
in γ1, 300% in γ2, and 400% in γ3.

3D printing

Rapid prototyping multijet printing technology (Projet MJP 
5500 X, 3D Systems, Rock Hill, SC, USA) was used with 
a print accuracy of 16 µm. Vertebrae were printed with 
composites of hard rigid materials of translucent clear 
color (VisiJet® CR-CL 200, 3D Systems, Rock Hill, SC, 

USA) (CR-CL) and soft elastomeric material of black color 
(VisiJet® CE-BK, 3D Systems, Rock Hill, SC, USA) (CE-
BK). Mixing proportions of the vertebra cortex were set to 
75% CR-CL and 25% CE-BK (CL-BK-75) and for the can-
cellous bone to 100% CR-CL. 3D-printed material properties 
are presented in Table 2. During print processes, the printer 
uses an additional material (VisiJet® S500, 3D Systems, 
Rock Hill, SC, USA) (S500) to support freestanding fea-
tures and to fill voids inside the cancellous bone meshwork. 
Removal of S500 through the dedicated ventral and dorsal 
cortical holes was then performed at 62 °C in a convection 
oven and under mechanical centrifugation. Subsequently, the 
vertebrae underwent cleaning in the ultrasonic bath (Elma 
Elmasonic S 450 H, Singen, Germany) at 62 °C filled with 
cleaning liquid Dewax RP/5 (Steiner Werkzeugmaschinen 
AG, Gränichen, Switzerland). After a water bath and drying 
overnight, the cortex openings were sealed with the corre-
sponding covers and a tip of superglue. All vertebrae were 
finally colored white with an acryl spray to eliminate color 
differences.

Surgical evaluation

Four test setups were prepared, each consisting of five 
3D-printed vertebrae α, β, γ1, γ2, γ3, and one Sawbones, 
all randomly arranged (Fig. 3a). The vertebra models were 
positioned in a dedicated frame without rigid fixation. An 

Fig. 2   a Gyroid structure for simulation of cancellous bone. TS, trabecular spacing; TT, trabecular thickness. b Intersection between gyroid 
block and inner part of the vertebra

Table 1   Parameters configured in 3D-printed vertebrae

GCT​ general cortical thickness, LPCT lateral pedicle cortical thick-
ness, MPCT medial pedicle cortical thickness, TT trabecular thickness

Vertebra GCT (mm) LPCT (mm) MPCT (mm) TT (mm)

α 1.3 0.6 0.8 0.2
β 1.1 0.3 0.4 0.15
γ1 1.7 1.2 1.6 0.3
γ2 2.6 1.8 2.4 0.4
γ3 3.4 2.4 3.2 0.5
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air-filled balloon was used to simulate the spinal cord. 
Three orthopedic surgeons and one neurosurgeon, all 
board-certified and spine surgery trained, each assessed 
a test setup. Six common surgical steps in posterior spon-
dylodesis surgery were evaluated. In the first step, the 
surgeons opened the cortex at the pedicle screw insertion 
sites with a Luer rongeur bilaterally (Fig. 3b). The sec-
ond step was preparing a pilot hole with a 3.2-mm Lenke 
probe (Expedium, DePuy Synthes, PA, USA) in appro-
priate trajectory on one side (Fig. 3c). In step three, a 
6.0 mm × 45 mm polyaxial pedicle screw (SI, Expedium, 
DePuy Synthes) was inserted with freehand technique 
(Fig. 3d). During step four, the surgeons had to deliber-
ately perform an inappropriate pilot hole preparation and 

intentional violation of the lateral and medial pedicle wall 
with the Lenke probe (Fig. 3e). Step five was removal of 
the spinous process with Luer rongeurs (Fig. 3f). The last 
step was laminotomy with Kerrison rongeurs (Fig. 3g). 
Each surgeon subjectively assessed haptic behavior dur-
ing all surgical evaluation steps with a scale comprising 
increasing levels of hardness: 1–2 too soft for real bone, 
3–4 osteoporotic-like bone quality, 5–6 normal bone qual-
ity, 7–8 hard bone quality, and 9–10 too hard for a realistic 
bone (Fig. 4). All surgeons evaluated the vertebrae inde-
pendently without knowing each other’s ratings. Finally, 
all surgeons conducted a final global assessment about 
which of the vertebrae was the most realistic for a normal 
and which for an osteoporotic vertebra.

Table 2   3D-printed material properties

CR-CL = VisiJet® CR-CL 200; CE-BK = VisiJet® CE-BK; CL-BK-75 = mixture of 75% CR-CL and 25% CE-BK; exact material compositions 
are kept secret by 3D Systems

Properties CR-CL CE-BK CL-BK-75

Use in this study Cortical bone N/A Cancellous bone
Composition UV curable plastic UV curable elastomeric 75% CR-CL, 25% CE-BK
Description Rigid, polycarbonate-like Elastomeric Semirigid
Color Translucent clear Opaque black Semitranslucent gray
Tensile strength (N/mm2) 37–47 0.2–0.4 19–27
Flexural strength (N/mm2) 61–72 N/A 18–21
Flexural modulus (N/mm2) 1400–2000 N/A 450–750
Impact strength (kJ/m2) 16–19 N/A 18–25
Shore A hardness N/A 27–33 N/A
Shore D hardness 76–80 N/A 70–80
Tear resistance (N/mm) N/A 3.1–3.7 N/A

Fig. 3   Steps during surgical 
evaluation. a Test setup of six 
different vertebrae. b Step 1: 
Bilateral opening of the cortex 
at the pedicle screw insertion 
sites. c Step 2: Pilot hole prepa-
ration. d Step 3: Insertion of a 
polyaxial pedicle screw. e Step 
4: Pilot hole preparation on the 
opposite side in inappropriate 
trajectory with intentional per-
foration of the medial pedicle 
cortex. f Step 5: Removal of 
the spinous process. g Step 6: 
Laminotomy
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Torque measurement

During the surgical evaluation, pedicle insertion torques 
(49 readings per second) were measured with a handy digi-
tal torque gauge attached to the screwdriver (Mark-10 M3i 
Series, New York, NY, USA). Maximum insertion torque 
and time course of torque of each pedicle screw were regis-
tered and compared to studies with similar torque measure-
ment methods and screws (diameters 6.0–6.5 mm) [14–16].

Statistics

Statistical analysis was performed using R version 3.3.3 (R 
Core Team, Vienna, Austria). Scores of all surgical 

evaluation steps of a vertebra were pooled, and pairwise 
Wilcoxon tests were performed. A Bonferroni correction 
was applied and statistical significance was set at p < 0.008 
(

=
0.05

6

)

 . To verify the degree of the inter-rater agreement, 

Kendall’s coefficient of concordance was assessed.

Results

Surgical evaluation of L3 vertebrae

In total, 24 synthetic vertebrae, six vertebrae per each of the 
four spine surgeons, were evaluated. Inter-rater agreement 

Fig. 4   Scores of each step in surgical evaluation of vertebrae surro-
gates. Red dot: mean. Whisker: standard deviation. Statistical signifi-
cance with p < 0.008 was found between all vertebrae types, except 

γ2 and γ3 (p = 0.025), and between Sawbones and α (p = 0.150) and 
Sawbones and γ1 (p = 1.000)
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was strong with a Kendall’s W coefficient of 0.822. Steps 
one to six were rated with similar scores within types of 
vertebrae (Fig. 4). Average surgical score in vertebra α was 
3.2 ± 0.9 (osteoporotic), β 1.9 ± 0.7 (too soft), γ1 4.7 ± 0.9 
(osteoporotic–normal), γ2 6.3 ± 1.1 (normal–hard), and 
γ3 7.5 ± 1.1 (hard). Statistically significant differences 
(p < 0.008) were found between all 3D-printed vertebra 
types, except γ2 and γ3 (p = 0.025). Mean score of Sawbones 
was 4.1 ± 1.7 (osteoporotic–normal), and no significant dif-
ference was found between Sawbones and α (p = 0.150) and 
Sawbones and γ1 (p = 1.000).

All surgeons considered the 3D-printed vertebrae α, γ1, 
and γ2 as more authentic in haptic behavior than Sawbones. 
Two surgeons rated vertebrae γ1 as best for the simulation 
of normal bone properties and α as best for osteoporotic 
bone, whereas the other two surgeons considered γ2 as 
most suitable for normal bone and γ1 for osteoporotic bone. 
Sawbones was criticized for a brittle cortical and rubber-
like cancellous bone structure by all surgeons in comparison 
with the 3D-printed vertebrae which was why the 3D-printed 
vertebrae were considered superior. Besides the haptic feel, 
surgeons appreciated authentic acoustic feedback during 
pilot hole preparation and pedicle screw insertion in the 
3D-printed vertebrae.

Pedicle screw insertion torques

Peak torques during pedicle screw insertion were 32 ± 4 
Ncm in vertebra α, 12 ± 3 Ncm in β, 74 ± 4 Ncm in γ1, 
129 ± 13 Ncm in γ2, 196 ± 34 Ncm in γ3, and 90 ± 11 Ncm 
in Sawbones (Table 3). After reviewing the literature, we 
found that average torques of pedicle screws with simi-
lar diameters (6.0–6.5 mm) in non-osteoporotic vertebrae 
ranged from 63 to 129 Ncm (Table 3) [14–16]. Vertebrae 

γ1, γ2, and Sawbones were within, α and β were below, and 
γ3 was above this range. These results confirm the subjec-
tive surgical scores of step 3 (pedicle screw insertion) which 
were on average in the normal bone range in γ1, γ2, and 
Sawbones (Fig. 4). Time courses of torques during screw 
insertion displayed realistic profiles in vertebrae α, γ1, γ2, 
γ3, and Sawbones and could be allocated to type B torque 
patterns according to Bühler et al. [14] (Fig. 5).

Discussion

Posterior spinal fusion surgery belongs in experienced 
hands, but until today no consensus has been reached on 
the optimal education of these procedures. Cadaver spines 
offer the possibility to practice in a low-stress environment 
[3, 17]. However, cadaver preparation is elaborate and 
expensive, access may be limited, and cadaver spines do 

Table 3   Pedicle screw insertion torques: a review of studies in comparison with the present study

Study Specimen Screw type Screw size (mm) No. of screws Mean peak 
torque ± SD 
(Ncm)

Present study L3 surrogate, α Synthes Expedium 6.0 × 45  4 32 ± 4
L3 surrogate, β Synthes Expedium 6.0 × 45  4 12 ± 3
L3 surrogate, γ1 Synthes Expedium 6.0 × 45  4 74 ± 4
L3 surrogate, γ2 Synthes Expedium 6.0 × 45  4 129 ± 13
L3 surrogate, γ3 Synthes Expedium 6.0 × 45  4 196 ± 34
L3 surrogate, Sawbones Synthes Expedium 6.0 × 45  4 90 ± 11

Bühler et al. [14] L2-S1, in vivo Synthes USS 6.0 × 35–45  43 129 ± 56
L2-S1, in vitro Synthes USS 6.0 × 35–45  38 67 ± 19

Kwok et al. [15] L4-L5, in vitro TSRH 6.5 × 40  11 111 ± 76
L4-L5, in vitro Steffee VSP 6.25 × 40  15 63 ± 28
L4-L5, in vitro Synthes USS 6.5 × 30  11 117 ± 49

Sandén et al. [16] L3-S1, in vivo SAF 2507 Anatomica 6.0 × 55–70  32 76 ± 41

Fig. 5   Example of a pedicle screw insertion torque profile of vertebra 
γ2. Torque peaks increase after each screw drill, which is in concord-
ance with torque pattern type B according to Bühler et al. [14]
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not sufficiently represent the broad spectrum of patient’s 
anatomies and pathologies undergoing spine surgery [6]. 
To overcome these disadvantages, commercially available 
surrogate spine models have been introduced for surgical 
training [18]. Further, computer-assisted and virtual reality-
based simulators have been developed for training [19, 20]. 
The value of these simulation methods remains unclear, and 
to our knowledge, none of these models provide a satisfac-
tory haptic feel of a human vertebra.

3D printing is a useful tool for manufacturing replica 
for surgical education with steep learning curves [8–10]. 
Park et al. first described the usability of patient-specific 
3D-printed spine replica for surgical training of pedicle 
screw fixation with freehand technique and reported a 
noticeable progression of skills after instrumenting on a 
few models [8]. However, their study did not focus on hap-
tic authenticity. Further potentials of patient-specific bone 
replicas have been suggested for improved patient consent 
and the use for preclinical tests of new surgical techniques 
[21, 22].

As standard CT scans are not accurate enough to cap-
ture the delicate bony architecture of a vertebra in detail, we 
aimed to create a simplified parameterizable vertebra model 
that is transferable to a patient’s anatomy and bone density. 
Our goal was to address human anatomic proportions in the 
design of our vertebra model to gain realistic haptic proper-
ties. Inceoglu et al.’ anatomic studies on adult L3 cadaveric 
specimen revealed an average LPCT of 0.6 ± 0.2 mm, MPCT 
of 0.8 ± 0.2 mm, a TT of 0.2 ± 0.1 mm and spacing between 
cancellous bone trabeculae of 0.9 ± 0.1 mm, and that tra-
beculae are of somewhat isotropic plate-like shapes [12, 13]. 
In line with their results, we initially designed vertebra α 
by applying the same parameters and by using a cancel-
lous bone structure called gyroid, which roughly fulfills the 
description of isotropic plate-like trabeculae. By scaling to 
250%, spacing between trabeculae of about 0.9 mm was 
achieved. The gyroid structure has been commonly used 
in the development of orthopedic implants in recent years, 
because of its cancellous bone-like mechanical properties 
[23, 24]. By developing four additional vertebrae (β, γ1, γ2, 
and γ3), we aimed to print a spectrum from soft to hard 
vertebrae. In the surgical evaluation, vertebra α was rated 
as osteoporotic, even though anatomic parameters were set 
to non-osteoporotic values according to Inceoglu et al. [12, 
13]. However, Mughir et al. found thicker pedicle cortices 
of 1.4 ± 1.6 mm and 1.7 ± 1.2 mm, respectively, which sup-
ports that vertebrae γ1 and γ2 best represented normal bone 
haptics and biomechanics in our study [25].

Our approach offers vertebrae with different bone densi-
ties and is further applicable to patient-specific utilization. We 
herein demonstrate the first step toward preoperative haptic 
simulation on individual spine replicas (Fig. 6). The outer 
shape of the showcased replica is based on a patient’s spinal 

CT scan, and the inner form of the vertebrae was artificially 
modeled using parameters of vertebra γ1. To our knowledge, 
this is the first patient-specific spine replica with realistic hap-
tic properties for surgical training. Such spine replica could 
revolutionize preoperative planning by visual and haptic sur-
gical simulation before the real surgery in the future [8, 11].

Drawbacks of our 3D-printed vertebrae are the material 
costs of currently around 250 USD per vertebra and the 
elaborate pre- and post-processing. Further studies should 
focus on additional biomechanical testings. The usability 
of patient-specific 3D-printed vertebrae should further be 
verified in the clinical setting.

Conclusions

The developed parameterizable vertebra model offers realis-
tic vertebrae surrogates regarding haptics and biomechanics 
during simulation of pedicle screw insertion and posterior 

Fig. 6   Showcase of an individual spine surrogate from T12 to sacrum 
based on a patient’s CT scan. Parameters used for vertebra γ1 were 
set in each vertebra. Elastic intervertebral disks were designed in 
the form of ellipsoidal rings with lateral holes and 3D-printed with 
VisiJet® CE-BK. a Neutral position. b Ventral flexion. c Right lateral 
flexion. d Right rotation
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decompression. Bone density-specific vertebrae with nor-
mal and osteoporotic haptic properties outperformed con-
ventional Sawbones models in the surgical evaluation. This 
study further represents the first step toward patient-specific 
3D-printed spine replicas, which allow visual and haptic 
simulation of spine surgery before operating on the real 
patient.
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