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Abstract— Bone screws are used in orthopaedic procedures
to fix implants and stabilise fractures. These procedures require
care, as improperly torquing the screws can lead to implant
failure or tissue damage, potentially requiring revision surgery
or causing further disability. It was proposed that automated
torque-limit identification may allow clinical decision support
to control the screw torque, and lead to improved patient
outcomes. This work extends a previous model of the screw
insertion process to model complex thread geometries used
for bone screws; consideration was made for the variable
material properties and behaviours of bone to allow further
tuning in the future. The new model was simulated and
compared with the original model. The model was found
to be in rough agreement with the earlier model, but was
distinct, and could model thread features that the earlier model
could not, such as the fillets and curves on the bone screw
profile. The new model shows promise in modelling the more
advanced thread geometries of bone screws with higher accuracy.

Clinical relevance: This work extends a self tapping screw
model to support complex thread shapes, as common in bone
screws, allowing more accurate modelling of the clinically
relevant geometries.

I. INTRODUCTION

Bone screws are used in many orthopaedic procedures,
primarily to fix implants in bone, or for stabilising fractured
bone to facilitate natural healing. Incorrect torquing of bone
screws through under- or over-tightening can result in screw
loosening [1] or thread stripping [2], which may cause implant
failure and/or tissue damage [3]; these can be costly and risky
to remedy with revision surgery.

Surgeons currently torque screws in an ad-hoc manner.
While experienced surgeons can achieve good results, the
potential for error remains [4]. Wilkie et al. [5] proposed that
an automated system for bone screw torque limitation could
provide more intelligent control over bone screw torquing,
leading to better patient outcomes. This system could operate
by monitoring signals from the screwing process such as
torque and angular displacement over time. These signals
would be used to fit a model of the screwing process. The
model would have unknown parameters for the bone material
properties, hence fitting the model in a real-time clinical
setting would determine these patient-specific properties.
The bone properties could then be combined with known
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information about the screw, hole, and implant geometry to
estimate the optimal torque for the screw. This optimal torque
could then be used through a torque indicator or limiter to
allow optimal screw torquing.

Seneviratne et al. generated a seminal model of self-tapping
screw mechanics. More recently, this was developed further
[6] and successfully tested computationally for identifiability
[7], and has had some initial experimental validation [8].
Primarily, this paper will focus on expanding the accuracy of
modelling bone screw thread profiles, which are more complex
than typical machine screws (Shown in Fig. 1). Secondarily,
we will provide a flexible system for representing the friction
stress (σf ), which varies over the surface of the screw thread,
expanding upon Seneviratne et al. [9], which used a constant
σf which can be assumed to be approximately equal to the
compressive strength of the material.

II. METHODS
A. Definitions

A single screw thread profile is modelled as a parametric
curve r(t), z(t) where t ∈ [t0, tf ], as shown in Fig. 1, where
r is the radial distance from the screw centreline, and z is
the vertical position along the screw centreline. A helical co-
ordinate, φ, follows the helix of the screw thread. The position
of the thread in r,z co-ordinates generally remains constant
as the φ co-ordinate changes. Dh is the hole diameter.

Only the part of the thread in contact with the hole is strictly
required for this model (as in Fig. 1). However, remaining
geometry can also be modelled as it is not inaccurate and
will simply be ignored in the torque-rotation model; the full
thread may be useful for programmatically analysing varying
hole diameters without changing the parametric curve.

B. Friction Component

When a self-tapping screw is inserted, the screw threads
push against the hole and deform the material. This is
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Fig. 1. Example of parametric screw thread representations for a normal
screw (Left) and a bone screw approximating ISO 5835:1991’s ‘deep’ thread
[10](Right).
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initially an elastic deformation process, but transitions to
plastic deformation after the materials yield stress is exceeded.
Once the screw threads have fully deformed the hole, the
material still has its elastic deformation component, which
presses against the screw threads, causing friction; the friction
stress at a point is generally equivalent to the final stress
the thread needed to exert on the hole to deform it at that
point. Depending on the material, a good approximation
for the friction stress is the compressive yield or ultimate
strength, which can be further approximated with the yield
or ultimate tensile strength (σuts). While this combined
assumption may exacerbate the imprecision of the model,
determining σuts is much simpler in many cases. σuts will be
used for the remainder of this paper, however if the ultimate
compressive stress or friction stress is directly available, it
should substituted. This first approximation can be represented
as shown in (1). The step function, H , results in zero friction
for thread areas not in contact with the hole, allowing those
parts to be left in the threads parametric representation.
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A more representative model could account for areas near
the edge of the hole, where only partial elastic deformation
occurs, reducing friction stress. Using Cmax to represent the
maximum deflection distance before plastic deformation, this
can be modelled as:
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0, for r ≤ Dh

2(
r − Dh

2

)
σuts

Cmax
, for Dh

2 < r ≤ Dh

2 + Cmax

σuts for r > Dh

2


= max

(
1, H

(
r − Dh

2

)(
r − Dh

2

)
1

Cmin

)
σuts

(2)

Additionally, the angle of the thread profile element,
denoted here as β(t) (In (4)), can be considered, as thread
profile segments aligned with the z-axis (e.g. ’A’ in Fig. 1)
are likely to experience a greater stress than segments more
aligned with the r-axis (e.g. ’B’ in Fig. 1), because they (A)
are pushing into the material instead of (B) sliding past it. A
simple approximation of the relative stress can be achieved by
modulating the onset of friction stress from 0 on r-axis aligned
segments, to the normal value on z-axis aligned segments
with a cosine function; this will still reach σuts, but needs
more deflection to do so when the thread angle is sharper:

σf (r, β(t)) =
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σuts (3)

β(t) = arctan
(
dr

dt
(t)

/
dz

dt
(t)

)
(4)

Cmax was estimated using ANSYS 18.1. The FEM model
consisted of a thin disk with a hole in the middle. The top and

bottom surfaces of the disk were constrained to only allow
planar displacement, forcing plane strain. The outer diameter
of the disk(100 mm) was much larger than the central hole
(3.2 mm). The outside face was fixed, and the inside of the
hole was given a pressure equal to σuts. The displacement
of the inside edge of the hole was used as Cmax.

By performing a line integral over the friction stress
function along the parametric thread curve, then integrating
over the thread helix, the friction torque of the screw can be
found. Considering the friction force, δFµ, on an element of
the thread, and accounting for the helix angle of the element,
θ(t) = arctan

(
p

2πr(t)

)
(where p is the thread pitch), then

integrating over the thread curve C:

δFµ = µδFN = µσ(t)r(t)dφds (5)

δτ =

∫
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δτ can also be considered a function of φ, as thread
geometry can vary, notably at the tip of the screw, which is
often tapered at 45◦-60◦. Therefore the different friction at
the tapered end of the screw can be modelled by modifying
the parametric thread model with the definitions r̂(t) =
min(r(t), az(t)+bφ) and ẑ(t) = z(t). For a standard taper, a
is calculated from the taper angle θtaper with a = 1/tan(θtaper),
and b can be determined from a and the thread pitch with
b = ap

2π . The thread should be defined such that the profile
beings to touch the hole at φ = 0. This model gives effective
thread geometries as shown in Fig. 2. To realise this, all
instances of r(t) and z(t) in (6) are substituted with r̂(t) and
ẑ(t) (redefining σ and θ as σ̂ and θ̂).

To calculate the total friction torque at a specific angular
displacement φ, δτ is integrated (r̂, ẑ, σ̂, and θ̂ are functions
of t and φ). Equation (7) is expected to be solved numerically.
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Fig. 2. Effective thread profile considering taper at different angular
displacement coordinates. θtaper is defined as the angle between the z axis
and the diagonal line.
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Fig. 3. The stress function multiplied by radius is integrated over the
shaded area to get cutting torque.

C. Cutting Component

The other main component of torque is the cutting torque.
The cutting section of the screw has to push material out of
the way so that it can turn. The stress resisting this cutting
will be approximately the same as the σ function described
earlier, however here the force is in the helical direction
of rotation which directly opposes the turning, so does not
depend on µ. This force acts on the cross-sectional area of
the thread which is currently engaged in cutting. Hence, the
cutting force begins at zero, then increases as the tapered
section is inserted, plateaus after this (while ignored here,
the torque would ramp down to zero if the screw exited the
opposite side of the material). If the screwing direction is
reversed, the cutting forces will drop to zero (and the friction
on the tapered section will be almost zero).

The cutting torque is calculated by integrating the stress
function σ multiplied by r over the currently engaged thread
area (Fig. 3). The thread pitch is compensated with cos(θ)
[9]. This is first integrated with dr in a line from r = Dh

2

to r = max(r̂, Dh

2 ), and then integrated over the thread area
with dz = dz

dt (t)dt from t0 to tf , at angular displacement φ:

τs(φ) =

∫ tf

t0

(∫ r̂(t,φ)

Dh
2

cos(θ(r))rσ(r, z(t))dr

)
dz

dt
(t)dt

(8)

D. Completed Model and Testing

For the model presented here, the total torque as a function
of angular displacement is τ(φ) = τf (φ) + τs(φ).

This model was computationally tested with all three σ
functions, and compared to the simpler model from [9]. The
models were simulated using a 4.5 mm shallow thread profile
(HA 4.5) and a 6.5 mm deep thread profile (HB 6.5) from
ISO 5835:1991 [10]. As the thread does not exactly match
the parametrised thread in [9], the 2β term was set equal
to the total thread thread angle (α + β in ISO 5835:1991),
and the minor diameter and pitch were used as-is. The hole
diameter was 3.2 mm, and the half taper angle is 45◦, which
was used to calculate α for the [9] model. Only the friction
and cutting components from [9] were used to match the
friction and cutting components in the new model. For the
material properties, E = 300MPa [11], σuts = 3.5MPa [11],
and µ = 0.4 [12], to represent a normal femoral head, and
Poisson’s ratio is based on a generic estimate ν = 0.3.
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Fig. 4. Total (τΣ), cutting (τs), and friction (τf ) torque for HA 4.5 insertion
with [9] model in blue, and the proposed model in red (simple σ), yellow
(incl. Cmax), and purple (incl. thread angle). The lines are very close to
overlapping.
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Fig. 5. Total (τΣ), cutting (τs), and friction (τf ) torque for HB 6.5 insertion
with [9] model in blue, and the proposed model in red (simple σ), yellow
(incl. Cmax), and purple (incl. thread angle). The proposed model lines
mostly overlap.

III. RESULTS

The value for Cmax determined from FEM was 0.0242 mm
for the given parameters. The simulated torque-displacement
plots for the existing model and proposed models are shown
in Fig. 4 and Fig. 5. Note that in Fig. 5 the three new models
overlap.

IV. DISCUSSION

The results show that this model gives roughly similar
results to [9], which has had experimental validation. This
gives confidence that the methodology is sound, and that
the derivation lacks serious errors. However, more thorough
testing is required to increase the confidence under a wide
range of conditions, and to quantify the accuracy.

This model shows notable differences when compared to
[9]. The simpler model in [9] produces a plot with straight
lines, and simplifies the geometry greatly; the proposed model
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is curved in a way that should more accurately represent the
interaction between the bone screw thread geometry and
the hole. In both cases examined, the new model predicted
higher cutting torque forces, which is expected as the thread
geometry included extra areas from fillets and other rounding
that were neglected in the simpler model [9]. The new model
also predicted a higher gradient on the friction forces, which
could also be explained with a higher contact area from the
curved sections of the thread compared to a strictly triangular
profile assumed in [9].

The differences between the σ functions for the new models
were also examined. For the HB 6.5 screw, no significant
difference can be seen unless examined very closely. However,
the HA 4.5 screw showed notable differences for the different
model versions, showing that under some circumstances, the
differences between the σ function choices can be significant.
As each σ function included more considerations, it may
be reasonable to assume the more complex ones are more
accurate. For shallower profiles like HA 4.5, the total area in
contact is relatively low, and the proportion with only slight
deformation is relatively high compared to a deep profile like
HB 6.5; this means the effects of modelling the lower friction
from elastic deformation are more significant, which explains
why the models are distinct for HA 4.5 but not HB 6.5. The
σ functions could be made arbitrarily complex, and may be
used to further improve the model accuracy, accounting for
varying material properties and complex material behaviours.
For example, changes could be inspired by Finite Element
studies into more realistic stress distributions. In particular,
these models use a constant σuts which fails to precisely
capture the complex two-way interaction between the screw
geometry and hole material like an FE model would. This
flexibility may also help with modelling the more complex
material properties and structures present in bone.

The Cmax value has a significant effect on whether the more
complex versions of the model are distinct. If low, then there
is very little partial deformation to differentiate the different
σ functions. The value of Cmax depends on the hole size and
material properties. Using the linearity assumption for the
mechanical model, and assuming small deflections, it would
be expected that a higher σuts would require proportionally
larger force/deflection before plastic deformation, increasing
the value of Cmax proportionally. Similarly, a lower E value
would allow more deflection at the same σuts, increasing
Cmax inversely proportionally. Hence the significance of Cmax
depends a lot on the σ/E ratio of a material, with larger
ratios increasing its significance. Future work can look into
how this ratio varies between anatomical sites, and suggest
which versions of this model are most appropriate for which
areas. In this paper ANSYS was used to estimate Cmax. This
is difficult to automate and integrate into another system. This
can be improved by deriving the underlying 1D differential
equation, and solving with simpler generalised techniques (e.g.
Finite difference method in MATLAB/python, or analytically
if possible).

The mechanics of the initial screw engagement are complex.
Future models could work on addressing this, for example by

considering linear and angular displacement independently
(at least for the engagement phase), rather than assuming
they are always proportional.

V. CONCLUSIONS

A model was developed to provide a more geometrically
generalised model for the self tapping screw insertion
process. The results of this model were compared with an
existing model from [9], this showed similar but distinct
predictions; suggesting the model is reasonable, but may be
able to increase modelling accuracy for complex geometries.
Overall, this model shows promise in modelling the more
geometrically complex aspects of bone screws. Further testing
will quantify its accuracy, and/or expose its shortcomings to
allow further improvements.
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