
  

 

Abstract—  

Loosening of pedicle screws after spinal fusion surgery can 

prevent the desired fusion between vertebrae and may be a 

reason for revision surgery. Especially in osteoporotic bone, 

toggling of pedicle screws is a common problem that 

compromises the fixation strength of these screws and can lead 

to loosening or axial pull-out of the screw. In this study, we 

explore the use of an in-pedicle expandable anchor that shapes 

to the pedicle to increase the toggling resistance of the anchor by 

increasing the contact area between the anchor and the dense 

cortical bone of the pedicle. A scaled-up, two-dimensional 

prototype was designed. The prototype consists of a bolt and ten 

stainless steel wedges that expand by tensioning the bolt. During 

the expansion, the wedges are required to compress the 

cancellous bone. Based on the first preliminary experiment, it 

was found that the expansion of the wedges resulted in successful 

compression of 5 PCF cancellous bone phantom (Sawbones). 

This preliminary study shows that an expandable in-pedicle 

anchor could be a feasible option to increase the toggling 

resistance of spinal bone anchors, especially in osteoporotic 

bone.  

Clinical Relevance— Toggling of pedicle screws is a major 

cause of screw loosening. In this preliminary study, the use of an 

in-pedicle expandable anchor to increase the toggling resistance 

of spinal bone anchors is explored. 

I. INTRODUCTION 

A. Pedicle Screw Fixation 

Spinal fusion surgery is commonly performed to restore 

stability to the spine in case of deformity, fractures or pain. 

During spinal fusion surgery, two or more adjacent vertebrae 

are fused by eliminating all motion between the vertebrae 

using pedicle screws and rods. The strength of the construct 

and thus the success rate of spinal fusion surgery relies on the 

purchase of the screw in the vertebra [1]. Vertebrae have a 

shell of dense cortical bone that surrounds the porous 

cancellous bone. Each vertebra has two pedicles that connect 

the vertebral arch to the vertebral body (Figure 1). The pedicle 

has an hourglass shape with a smaller cross-section in the 

middle of the pedicle and a larger cross-section more anterior 

and posterior. 

Pedicle screws are placed through the pedicle into the 

vertebral body. A larger screw diameter increases the fixation 

strength as it increases the contact surface between the screw 

and the dense cortical bone. The pedicle is surrounded by 

delicate anatomical structures such as the spinal cord and 

spinal nerve roots [2]. To avoid damage to these structures, it 

is advised to use a screw with a diameter of 80% of the 

diameter of the pedicle at the most narrow location [3]. The 

limited diameter of the screw and the hourglass shape of the 

pedicle result in limited contact between the screw and the 

dense cortical bone layer. This contact is even more limited 

due to the oval cross-section of the pedicle.  

The fixation strength of pedicle screws is often indicated 

by the screw’s pull-out strength which is the force necessary 

to axially pull the screw from the vertebra. The pull-out 

strength relies for 60% on the fixation of the screw in the 

pedicle as this is the location where the screw has purchase in 

the dense cortical bone layer [1], [2]. The pull-out strength 

can be compromised due to small rotations of the screw 

around the pivoting point, which is known as toggling [4]. 

Toggling is caused by a cyclic loading that is exerted on the 

screw, for instance during walking or bending of the back, and 

is especially a problem in caudocephalad (from tail to head) 

direction, due to the oval cross-section of the pedicle. A 

toggling force 𝐹𝑡𝑜𝑔𝑔𝑙𝑖𝑛𝑔  of 200 N applied on a single pedicle 

screw placed in a vertebra that is not connected to a rod, can 

result in a large toggling displacement of 8 mm [5]. During 

toggling the cancellous bone that surrounds the screw is 

compressed which compromises the fixation strength of the 

screw [1], [5]. 

Due to the aging of the population, more patients 

undergoing spinal fusion surgery suffer from osteoporosis. 
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Figure 1: Schematic representation of pedicle screw toggling. The toggling 

force (Ftoggling), results in a pivoting motion of the screw around the pivoting 

point causing compression of the cancellous bone and compromising the 
fixation strength. The oval cross sections of the pedicle show the hourglass 

shape of the pedicle. The red dots indicate the contact points between the 

pedicle screw and the cortical bone layer of the pedicle.  
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Osteoporosis is characterized by the resorption of mainly the 

porous cancellous bone. This decrease in bone density of the 

cancellous bone decreases the provided resistance to toggling 

and compromises the fixation strength [1], [6].  

B. State-of-the-Art: Spinal Bone Anchors 

The success rate of spinal fusion surgery could be improved 

by using spinal bone anchors that have an improved fixation 

strength compared to the conventional pedicle screw, 

especially in osteoporotic bone. Different methods have been 

developed to improve the fixation strength of pedicle screws 

in osteoporotic bone. The use of cement augmented screws 

can almost double the pull-out strength [1] but has as a 

drawback the heat generation during curing of the cement 

which can result in bone necrosis [7]. Furthermore, leaking of 

cement out of the vertebral body, via veins or cortical defects, 

often occurs and can, in rare cases, result in serious 

complications such as pulmonary embolisms [8]. Lastly, 

cement augmented anchors are difficult to remove which can 

be required during revision surgery. During removal of the 

cement augmented anchor, the vertebra is often damaged [1]. 

A second means to increase the fixation of spinal bone 

anchors is the use of a bone ingrowth inducing coating such 

as hydroxyapatite. Such a coating can successfully increase 

the fixation strength but as a drawback, also makes it more 

challenging to remove the anchor in case of a revision surgery 

[9], [10].  

In patent and scientific literature, expandable anchors are 

also proposed as a solution to increase the fixation strength of 

bone anchors. The anchors often have an expandable distal tip 

that anchors inside the vertebral body by creating a shape-lock 

which significantly increases the fixation strength [11], [12]. 

This explored method to increase the fixation strength of 

spinal bone anchors relies on increasing the fixation within 

the cancellous bone of the vertebral body. Although the 

contact area between the screw and the cortical bone layer is 

slim due to the cylinder shape of the screw and the oval and 

hourglass shape of the pedicle, the pedicle accounts for 60% 

of the pull-out resistance and 80% of the toggling resistance 

[13]. The increase in the contact area between the cortical 

bone and the bone anchor in the pedicle could, therefore, be 

more beneficial than an expandable section within the 

cancellous bone of the vertebral body. In osteoporotic 

patients, the advantage of increasing the fixation strength by 

increasing the contact area with the cortical bone could be 

even greater, as the cortical bone layer is often less 

compromised than the cancellous bone [6]. 

C. Research Goal 

To ensure a long-term fixation of the screw within the 

vertebra, toggling of spinal bone anchors should be avoided. 

The goal of this study is to design an in-pedicle expandable 

anchor to increase the toggling resistance by increasing the 

contact area between the anchor and the cortical bone layer of 

the pedicle. 

II. METHOD 

A. Design Direction 

The in-pedicle anchor should deform to the pedicle to increase 

the toggling resistance, which will be achieved by expansion. 

The current bone anchors use screw thread for fixation in the 

vertebra. This requires the anchors to have a circular cross-

section in order to screw the anchor into the vertebra. Since 

the proposed in-pedicle anchor uses expansion to fixate within 

the vertebra, the screw thread is not required and thus is the 

anchor not limited to having a circular cross-section. 

Designing the anchor with an oval cross-section, similar to the 

cross-section of the pedicle, increases the contact between the 

anchor and the cortical bone layer. This in combination with 

expansion in the caudocephalad direction could make the 

anchor more resistant to toggling as toggling is most severe in 

this direction. 

We expect that, in clinical use, a tunnel is made through the 

pedicle before the in-pedicle bone anchor is placed. The 

anchor is placed in the collapsed state and once in the correct 

position, the anchor can expand to deform to the cortical bone 

layer of the pedicle (Figure 2). 

The proposed in-pedicle bone anchor consists of ten 

wedges with one bolt through the center. Tightening the bolt 

presses the wedges together and, due to the slanted edges, 

causes the wedges to expand (Figure 3A). The idea is that the 

resistance of the cancellous bone is slim and will thus not 

prevent the expansion of the wedges. The much denser 

cortical bone wall is expected to prevent further expansion 

upon impact. This way the anchor will deform to the cortical 

bone layer of the pedicle and increase the number of contact 

points with the cortical bone layer, making the anchor more 

toggling resistant compared to the conventional pedicle 

screw.  

B. Expansion Working Principle 

Wedges have an inclined side that can be used to convert a 

force. In this design, a compressive force will result in an 

angulated normal force which will cause the wedge to expand 

(Figure 3B). Besides the normal force that is generated, 

friction forces will be induced. These friction forces will 

Figure 2: Schematic visualisation of the working principle of the in-pedicle 
expandable anchor. The first step is to make a tunnel through the pedicle 
(Step 1) after which the anchor is placed in the collapsed state (Step 2). 
After correct placement, the anchor can expand (Step 3). The expansion 
results in multiple contact points between the anchor and the cortical bone 
layer (indicated with red dots). 
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oppose the expansion and are highly dependent on the friction 

coefficient between the two wedges.  

The wedges of the prototype are intended to expand within 

the pedicle. This requires the wedges not only to overcome 

the friction force between the wedges but also to exert enough  

force to compress the cancellous bone. Wedges with a larger 

inclination (larger angle 𝛼) require a smaller compression 

force to obtain the desired expansion, which is advantageous. 

However, the larger the inclination, the wider the wedges will 

become, and thus the more cancellous bone must be 

compressed to allow the wedges to expand. This will increase 

the forces opposing the expansion. Besides this, the pedicle 

has a limited length, thus an increasing width of the wedges 

would also decrease the number of wedges that fit within the 

pedicle and thus result in fewer contact points between the 

anchor and the cortical bone layer of the pedicle. Therefore, a 

smaller inclination is beneficial as long as the inclination is 

large enough to allow the wedges to expand when exerting a 

limited compressive force.  

C.  Prototype 

To explore the idea of increasing the toggling resistance using 

an in-pedicle expandable bone anchor, a two-dimensional 

(2D) prototype was designed. This 2D prototype should be 

able to deform to a 2D cross-section of the pedicle. 

The prototype comprises a stainless steel M8 bolt and ten 

stainless steel (316L) wedges made by electrical discharge 

machining (EDM) (Figure 4A). The bolt is flattened at the 

sides to avoid rotation of the wedges around the bolt during 

insertion and expansion. To prevent the wedges from 

expanding before insertion, two alignment pins are used. 

After placement of the anchor, these alignment pins are 

removed such that the wedges can expand. The eight wedges 

in the middle have two slanted sides such that from both sides 

compression will cause the wedge to move outwards. The first 

and last wedges have one slanted side where the wedge is in 

contact with an adjacent wedge to allow for expansion. The 

other side of the wedge, where it is in contact with the nut or 

the head of the bolt, is straight to increase the contact area to 

avoid peak forces that could damage the prototype.  

The anchor is scaled up (~200%) to ease the fabrication and 

allow for visual observations during the validation process. 

The prototype has a width of 10.8 mm, a height of 20 mm and 

a length of 33.7 mm when in the collapsed state, and a height 

of 30 mm and a length of 21.8 mm when in the expanded state 

(Figure 4B).  

D. Preliminary Experiment 

The main function of this in-pedicle expandable prototype is 

that tightening of the bolt must result in the expansion of the 

wedges which causes compression of the surrounding 

cancellous bone. In this preliminary experiment, the 

expansion of the wedges through the cancellous bone will be 

investigated.  

For this experiment, the prototype will be placed between 

two plates of 5 Pound-force per Cubic Foot (PCF) solid foam 

cancellous bone phantom (Sawbones) which has similar 

mechanical properties as osteoporotic cancellous bone [14]. 

The bolt will be tightened to 7 Nm. The initial state of the 

wedges and the expanded state after tightening the bolt up to 

7 Nm will be captured by a camera (Sony A6000). This test 

will be repeated three times in a new block of 5 PCF 

cancellous bone phantom.  

Photographs of the wedges were analyzed using Matlab 

2019b to determine the displacement of each of the wedges in 

the x and y-direction.  

Figure 4: Prototype design. A) Photograph of the prototype consisting of ten 
wedges, a bolt that runs through the center and two alignment pins. B) 
Dimensions of the prototype in the collapsed and expanded state.  

A 

B 

Figure 3: Wedge principle. A) A compressive force Fcompress results in  
expansion of the wedges. B) Free Body Diagram of the forces acting on a 
single wedge during expansion. The compressive force results in a normal 
force Fn which is dependent on the inclination angle 𝛼, and friction forces 
Ff. When the wedges expand the wedge will compress the cancellous bone 
by overcoming Fbone. 

A            B 
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III. RESULTS 

Figure 5 shows the expansion of the wedges when tightening 

the bolt to 7 Nm. The red indicated wedges show the collapsed 

position and the blue wedges show the expanded position of 

the wedges. The white arrows indicate the expansion path of 

the wedges. Figure 6 shows the mean displacement and the 

standard deviation in the x and y-direction for each of the 

wedges. 

IV. DISCUSSION 

A. Main Findings 

This preliminary study presents the idea of using in-pedicle 

expansion to increase the toggling resistance of spinal bone 

anchors. A prototype was developed consisting of ten wedges 

with a bolt that runs through the center of the wedges. 

Tightening of the bolt results in expansion of the wedges. The 

first preliminary experiment showed that the wedges were 

able to successfully expand within 5 PCF solid foam 

(Sawbones), which corresponds to osteoporotic cancellous 

bone [14]. Due to the slanted sides of the wedges, expansion 

of the anchor also leads to shortening of the anchor. It can be 

observed that the wedges tend to contract to the center of the 

anchor. 

B. Limitations and Future Research 

The preliminary experiment shows that the use of wedges to 

expand through cancellous bone is a possible option to create 

an in-pedicle expandable anchor to prevent toggling. In future 

research, the abilities of the anchor to deform to the pedicle 

must be investigated as well as the toggling resistance of the 

in-pedicle expandable anchor.  

After validation of using in-pedicle expansion to increase 

the toggling resistance, future research should be conducted 

such that the anchor can be used in a clinical setting. The 

current prototype is scaled-up and made in 2D, as this allowed 

for better visual observations during the preliminary 

validation. Future experiments will be carried out such that 

they are closer to the clinical setting in which the anchor is 

intended to be used. For these experiments, a new prototype 

must be designed that is scaled to the required size and works 

in 3D. Furthermore, the current is made of stainless steel 

prototype, and although stainless steel is listed as a 

biocompatible material, it is not used for long term implants. 

For clinical use, the prototype should be redesigned in a 

material suitable for long term implants such as titanium.  

The tests presented in the study are performed using 

Sawbones 5 PCF solid foam and although this is a good 

alternative to real bone as it has similar mechanical properties, 

the phantom is very homogeneous while real bone has a more 

heterogeneous character which could influence the expansion 

of the prototype. Furthermore, the pedicle shape is different 

from person to person and from vertebra to vertebra. Both ex-

Figure 5: Expansion process when exerting a force of 7 Nm. The numbered 
wedges in the collapsed state (red) and the expanded state (blue) with the 
expansion path indicated with the white arrow.  

 

Figure 6: Displacement of the wedges during expansion in the x and y-direction. The mean is indicated with the red arrow and the standard deviation is 
indicated with the grey triangle. 
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vivo and in-vivo tests will give more insight into the 

adaptability of the anchor for these different pedicle shapes 

and bone characteristics.  

In this preliminary study in-pedicle expansion is 

investigated as a single means of anchoring. It would be 

interesting to look into combining in-pedicle expansion with 

currently used spinal bone anchors, such as the conventional 

pedicle screw. This preliminary study presents a first step in 

using in-pedicle expansion to increase the toggling resistance 

and could in the future serve as a means to increase the 

fixation strength of spinal bone anchors, especially in 

osteoporotic bone.  

V. CONCLUSION 

The use of in-pedicle expansion to increase the toggling 

resistance of a spinal bone anchor is explored in this paper. A 

scaled-up prototype was manufactured consisting of a bolt 

running through the center of ten wedges. After placement of 

the anchor in a premade cavity, the bolt can be tightened 

which will cause the wedges to expand. The wedges were able 

to successfully compress a cancellous bone phantom during 

expansion. The presented prototype is a promising step to 

explore the use of expandable structures within the pedicle to 

increase the fixation strength and the toggling resistance of 

spinal bone anchors. 
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