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Abstract: Bone screws are important in orthopaedic surgery to treat fractures and secure
implants. Over- or under-tightening these screws may lead to premature failure of the screw
fixation, necessitating risky and costly revision surgery. Previously, a model-based method for
automatically optimising bone screw insertion torque was developed. This paper expands on
the prior testing of this method, to investigate how non-ideal conditions may affect the model
accuracy/precision.
A bone screw was inserted into pre-drilled holes in artificial bone made from PU foam.
Three cases were tested: first the screw was inserted directly with a constant velocity, then
it was inserted with a trapezoidal velocity profile, and lastly it was inserted with a constant
velocity profile, but through a hole in a metal plate. Each case was repeated 20 times for 60
total insertions. Torque and angular displacement measurements were used with a previously-
developed model to identify the foam material strength for each insertion. Summary statistics
were calculated for each case and statistical tests were used to compare the means and variances
for the identified values between each case.
Comparing to base base case with constant velocity and no plate: we found a statistically
significant (p < 0.05) difference in the mean identified strength for the trapezoidal velocity and
the case with the plate. We found a statistically significant difference in the variance for the
trapezoidal velocity profile (p < 0.05), but not for case with the plate present (p = 0.16).
Future work should investigate these effects over a wider range of materials and screws.
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1. INTRODUCTION

Bone screws are used in various surgical procedures. Typ-
ically, these procedures either fix traumatic fractures to
assist natural healing, or secure implants (e.g. an artificial
hip). In either case, maximising fixation strength and
longevity is key to achieve good patient outcomes and
avoid complications or revision surgery.

The torque used for tightening these screws influence the
strength and longevity of the connection. If overtightened,
the screws can damage the threads in the bone, compro-
mising strength (Feroz Dinah et al., 2011), while under-
tightening may lead to screws loosening over time when
exposed to everyday cyclic loading and shock (Evans et al.,
1990). Both may lead to premature failure of the screw
fixation, requiring revision surgery; hence, optimising in-
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sertion torque is of interest to avoid the associated costs
and risks.

In current practice, surgeons generally tighten screws ad-
hoc by hand, or sometimes use fixed mechanical torque
limiters. While surgeons are trained professionals, this
requires a degree of subjective judgment during tightening,
or selection of the appropriate torque limit. Additionally,
errors may be more frequent for less experienced surgeons,
and other human factors like stress and fatigue could
impair judgment. An automated system for determining
and enforcing an appropriate torque limit may provide
an objective alternative that is unaffected by experience,
stress, or fatigue.

Previous work has proposed and developed a model-
based system targetting this goal. The system consists
of two main steps: first the angular displacement and
torque is monitored during screw insertion, and parameter
identification methods are used to fit a model of the
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Table 1. Properties of the PU foam utilised as a bone substitute, compared to real bone. ρ
= density; σucs = ultimate compressive strength; σuts = ultimate tensile strength; and E =

Young’s modulus.

Material name ρ(g\cm3) σucs(MPa) σuts(MPa) E(MPa)

SikaBlock� M150 (Sika Deutschland GmbH, 2020) 0.16 1.6 - 65

Cancellous Bone (Cornu et al., 2000; Schoenfeld et al., 1974)(Femoral head) 0.61-0.88 0.15-21 - 345-1475
Cortical Bone (Wall et al., 1979; Schoenfeld et al., 1974)(Femoral shaft) 1.83-2.03 - 63-101 6900

insertion to the recorded data in real time to determine
the bone strength (Wilkie et al., 2021c); then second, this
strength can be used to calculate a torque limit based
on the known geometry of the screw and hole (Wilkie
et al., 2021a). The torque limit could then be enforced
with either a torque indicator, or an electromechanical
torque-limiter/clutch. Other research has also investigated
empirical screw stripping predictions based on plateau
torque (Reynolds et al., 2017), rate of torque change
(Thomas et al., 2008), and acoustic emissions (Wright
et al., 2020).

Previous work on this model-based method has covered
model development (Wilkie et al., 2021c,a), and testing
(Wilkie et al., 2021b,a) under controlled conditions. This
paper is investigating how some non-ideal conditions affect
the identification of bone strength to better understand
how these may affect the method in a more practical appli-
cation in the future. Specifically, this paper is investigating
the difference between inserting with a constant velocity,
compared to the start-stop turning typical of hand in-
sertion, and also the effects on insertion when inserting
against a plate compared to simply inserting the screw
directly into a hole, as screws may be used either alone or
with plates in clinical settings.

2. METHODS

2.1 Experimental Procedure

Bone screws were inserted into polyurethane test blocks.
The bone screws were HB 6.5 screws according to the
ISO 5805:1991 standard (International Organization for
Standardization, 1991) with a threaded length of approxi-
mately 30 mm and a 10 mm unthreaded shank. The screws
were inserted into SikaBlock M150 rigid polyurethane
blocks (Sika Deutschland GmbH, 2020), which are used as
an artificial simulator of real bone (Calvert et al., 2010);
the properties are presented in Table 1. The blocks were
prepared with pre-drilled through-holes using a 3.0 mm
drill bit, however a value of 3.2 mm was used later for
the hole size due to the expected wobbling of the drill
in the soft PU foam; a different unused hole was for each
insertion. The screws were inserted at a controlled velocity
using the test rig pictured in Figure 1 (Wilkie and Möller,
2021); this used a closed loop stepper motor (34HS46-
6004D-E100 and CL86T, OMC Corporation Limited) con-
strained on linear guide rails to insert the screws in a
controlled and repeatable manner while measuring rota-
tion and torque using a rotational torque sensor (NCTE-
2300-5-1-AU-0-0, NCTE AG) and displacement using a
draw-wire encoder (A40/D5.2501.2421.1000, Fritz Kübler
GmbH); 20 N of axial force was provided by a 2kg weight.

The insertions were repeated 20 times each for 3 different
cases (total of 60 insertions). Each insertion consisted

Fig. 1. Test rig used for screw insertion.
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Fig. 2. Insertion profile recorded from screw insertion with
trapezoidal angular velocity.

of 16 turns for the screw insertion, a 1s pause, then 17
turns for screw removal at a much faster speed. After
approx. 13 turns the screw tightened and began to strip the
threads until approx. 15 turns. Each insertion was zeroed
at the point where the tip of the screw first entered the
hole, by zeroing with an offset against a plate on known
thickness placed atop the hole. In the first case, the screw
was inserted at a fixed angular velocity of 30 RPM with
nothing between the screw and the hole. In the second
case, the screw was inserted at an average of 30 RPM with
a trapezoidal velocity profile illustrated in Figure 2. In the
third case, the screw was inserted at a constant velocity
but a 1 mm thick plate was placed between the screw and
the hole during insertion, as illustrated in Figure 3; this
plate was left hanging on the screw during the insertion.
During the insertion, data was logged at 1000 Hz, and prior
to using the data below, the recordings were trimmed to
the time period of screw insertion before tightening.

3. PARAMETER IDENTIFICATION

Each dataset was processed using a parameter identifi-
cation technique to determine the strength of the hole
material based on a simplified version of the model from
Seneviratne et al. (2001). The parameter values are given
and briefly described in Table 2. These parameters are used
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Fig. 3. Screw insertion diagram comparing inser-
tion/tightening with and without a washer/plate.

Table 2. Values used in parameter identifica-
tion.

Symbol Value Unit Description

Dh 3.2 mm Hole diameter
Ds 6.5 mm Screw major diameter
2β 30 degrees Screw thread angle
p 2.75 mm Screw pitch
µ 0.14 Friction co-efficient
θt 60 degrees Screw end taper

to calculate intermediary constants in Equations 1-5; rf is
the equivalent radius that frictional forces act through, rs
is the equivalent radius for cutting forces, Ac is the area of
hole material that needs to be displaced for the screw to
form a thread, θ is the thread helix angle at the edge, and
Kf0 relates screw geometry to frictional forces. These give
2 lumped geometric parameters in Equations 6 and 7 which
relate to friction and cutting torque, respectively, which
are combined in Equation 8 to give the overall torque as a
function of angular displacement, φ.

rf = (Dh +Ds) /4 (1)

rs = (2Dh + 2Ds) /6 (2)

Kf0 =
1

2
(Ds−Dh)

√√√√(1 + tan2β)

[(
Ds +Dh

4

)2

+
( p

2π

)2
]

(3)

Ac = tanβ

(
Ds −Dh

2

)2

(4)

θ = tan−1 p

πDs
(5)

G1 = rsAc cos θ (6)

G2 = 2rfKf0 cos θ (7)

τz = σucsG1 + µσucs

(
φ− α

2

)
G2 (8)

The σucs value is the one unknown, representing the
material strength of the bone, and is fitted with the least
squares method in MATLAB R2020a based on measured
torque data, τz, with the independent variable of angular
displacement, φ.

3.1 Data Processing

The result from each test is an identified strength value,
σucs. This gave us 3 data sets of 20 values each for
statistical analysis.
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Fig. 4. Distributions of identified material strengths in the
base case (constant velocity profile with no plate),
compared to with a trapezoidal velocity profile or with
a plate.

For each data set, summary statistics were made. The sam-
ple mean (x̄) and standard deviations (s) were calculated,
along with the standard errors (SE(...)) of these values
according to the following equations (Rao et al., 1973)(n
= sample size = 20):

SE(x̄) =

√
s2√
n

(9)

SE(s2) =

√
2s4√
n− 1

(10)

SE(s) ≈ SE(s2)
1

2s
(11)

To compare the means between the sets, the 2-sample t-
test was performed in MATLAB R2020a with the ttest2()
function to reject the null hypothesis of equal population
means with α = 0.05 (two-tail). To compare the variance,
the 2-sample F-test was performed using the vartest2()
function to reject the null hypothesis of equal population
variance with α = 0.05 (two tail). The test statistics and p-
values were reported, as well as the 95% confidence interval
for the variance ratios.

4. RESULTS

A box plot showing the distributions of identified values
for each dataset is presented in Figure 4. The summary
statistics for each distribution are presented in Table 3,
and the statistical comparisons are presented in Table 4.

5. DISCUSSION

The mean identified strengths in each dataset in Table
3 ranged from 1.87 to 2.49 MPa, with the inter-dataset
coefficient of variation (CoV) of the 3 sample means
being 14.8%. Hence, by comparing to the CoV’s within
each dataset, the parameter identification inaccuracy error
added by ignoring the differences between these datasets is
approximately 2-3x higher than the “unavoidable” intra-
dataset CoV of 4.6-7.7%. These values are also close to
the data-sheet value of 1.6 MPa considering variation in
the manufacturing and preparation of the PU foam test-
blocks.

Table 1. Properties of the PU foam utilised as a bone substitute, compared to real bone. ρ
= density; σucs = ultimate compressive strength; σuts = ultimate tensile strength; and E =

Young’s modulus.

Material name ρ(g\cm3) σucs(MPa) σuts(MPa) E(MPa)

SikaBlock� M150 (Sika Deutschland GmbH, 2020) 0.16 1.6 - 65

Cancellous Bone (Cornu et al., 2000; Schoenfeld et al., 1974)(Femoral head) 0.61-0.88 0.15-21 - 345-1475
Cortical Bone (Wall et al., 1979; Schoenfeld et al., 1974)(Femoral shaft) 1.83-2.03 - 63-101 6900

insertion to the recorded data in real time to determine
the bone strength (Wilkie et al., 2021c); then second, this
strength can be used to calculate a torque limit based
on the known geometry of the screw and hole (Wilkie
et al., 2021a). The torque limit could then be enforced
with either a torque indicator, or an electromechanical
torque-limiter/clutch. Other research has also investigated
empirical screw stripping predictions based on plateau
torque (Reynolds et al., 2017), rate of torque change
(Thomas et al., 2008), and acoustic emissions (Wright
et al., 2020).

Previous work on this model-based method has covered
model development (Wilkie et al., 2021c,a), and testing
(Wilkie et al., 2021b,a) under controlled conditions. This
paper is investigating how some non-ideal conditions affect
the identification of bone strength to better understand
how these may affect the method in a more practical appli-
cation in the future. Specifically, this paper is investigating
the difference between inserting with a constant velocity,
compared to the start-stop turning typical of hand in-
sertion, and also the effects on insertion when inserting
against a plate compared to simply inserting the screw
directly into a hole, as screws may be used either alone or
with plates in clinical settings.

2. METHODS

2.1 Experimental Procedure

Bone screws were inserted into polyurethane test blocks.
The bone screws were HB 6.5 screws according to the
ISO 5805:1991 standard (International Organization for
Standardization, 1991) with a threaded length of approxi-
mately 30 mm and a 10 mm unthreaded shank. The screws
were inserted into SikaBlock M150 rigid polyurethane
blocks (Sika Deutschland GmbH, 2020), which are used as
an artificial simulator of real bone (Calvert et al., 2010);
the properties are presented in Table 1. The blocks were
prepared with pre-drilled through-holes using a 3.0 mm
drill bit, however a value of 3.2 mm was used later for
the hole size due to the expected wobbling of the drill
in the soft PU foam; a different unused hole was for each
insertion. The screws were inserted at a controlled velocity
using the test rig pictured in Figure 1 (Wilkie and Möller,
2021); this used a closed loop stepper motor (34HS46-
6004D-E100 and CL86T, OMC Corporation Limited) con-
strained on linear guide rails to insert the screws in a
controlled and repeatable manner while measuring rota-
tion and torque using a rotational torque sensor (NCTE-
2300-5-1-AU-0-0, NCTE AG) and displacement using a
draw-wire encoder (A40/D5.2501.2421.1000, Fritz Kübler
GmbH); 20 N of axial force was provided by a 2kg weight.

The insertions were repeated 20 times each for 3 different
cases (total of 60 insertions). Each insertion consisted

Fig. 1. Test rig used for screw insertion.
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Fig. 2. Insertion profile recorded from screw insertion with
trapezoidal angular velocity.

of 16 turns for the screw insertion, a 1s pause, then 17
turns for screw removal at a much faster speed. After
approx. 13 turns the screw tightened and began to strip the
threads until approx. 15 turns. Each insertion was zeroed
at the point where the tip of the screw first entered the
hole, by zeroing with an offset against a plate on known
thickness placed atop the hole. In the first case, the screw
was inserted at a fixed angular velocity of 30 RPM with
nothing between the screw and the hole. In the second
case, the screw was inserted at an average of 30 RPM with
a trapezoidal velocity profile illustrated in Figure 2. In the
third case, the screw was inserted at a constant velocity
but a 1 mm thick plate was placed between the screw and
the hole during insertion, as illustrated in Figure 3; this
plate was left hanging on the screw during the insertion.
During the insertion, data was logged at 1000 Hz, and prior
to using the data below, the recordings were trimmed to
the time period of screw insertion before tightening.

3. PARAMETER IDENTIFICATION

Each dataset was processed using a parameter identifi-
cation technique to determine the strength of the hole
material based on a simplified version of the model from
Seneviratne et al. (2001). The parameter values are given
and briefly described in Table 2. These parameters are used
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Table 3. Statistics for distributions of identification results. Values are for σucs and are in MPa.
SD = standard deviation, CoV (coefficient of variation) = SD/mean, SE = standard error.

Case Mean Mean SE SD (CoV) SD SE

No plate, constant velocity 2.07 0.031 0.139 (6.7%) 0.023
No plate, trapezoidal velocity 1.87 0.019 0.086 (4.6%) 0.014
Plate, constant velocity 2.49 0.043 0.192 (7.7%) 0.031

Table 4. Statistical test results comparing mean identified values (t-test) and variance (F-test)
for the two non-idealities tested.

Comparison
t-test F-test

t-statistic p-value F-statistic p-value Variance ratio 95% CI

Constant vs trapezoidal 5.50 3× 10−6 F19,19 = 2.61 0.04 [1.03, 6.58]
No plate vs plate -7.88 2× 10−9 F19,19 = 1.92 0.16 [0.21, 1.31]

Comparing the base dataset (constant velocity insertion
without plate) separately to the two others (trapezoidal
velocity, or with the plate), both comparisons show a
statistically significant (p < 0.05) difference in the sample
means from the 2-sample t-tests in Table 4. It is worth
noting that while the differences are statistically signifi-
cant, it is not clear if they would be clinically significant
as the sample mean from the trapezoidal case is only 10%
less than the base case, and from the case with the plate
it is only 20% more. Regardless, directly interpreting the
statistical test suggests that these tested conditions affect
the calibration of the model based method for determining
the strength of bone, and to minimise errors, a practical
application of this should have some way to identify and
correct for the variation between these cases. The sample
mean difference for the trapezoidal case may be due to the
data sampling; while the sampling is at a constant rate
w.r.t. time, the variable speed will give a varying rate w.r.t.
displacement, weighting some displacement ranges more
than others. This may add a slight bias to the fitted σucs,
resulting in the observed difference in sample means. For
the case with the plate, the increase in average identified
strength may arise from the plate adding a small amount of
additional friction torque to the shaft of the screw during
insertion, which is currently indistinguishable to the model
from a harder bone material, as in Equation 8, torque is
proportional to σucs.

Table 4 also shows a statistically significant (p < 0.05)
decrease in variance for the trapezoidal insertion profile
compared to the base case, but no statistically significant
difference with the plate present (p = 0.16). The decrease
for trapezoidal insertion however, only just exceeds the
threshold for the test, and the lower bound of the 95%
confidence interval for the variance ratio is only 1.03,
suggesting the difference may be very small. Again, inter-
preting the statistical test result directly, this suggests that
different insertion velocity profiles may affect the precision
of the model-based method for identifying bone strength,
as the tighter variance in the trapezoidal case would trans-
late to more consistent torque limit identification.

While this paper found some statistically significant differ-
ences between the datasets, and suggests further investiga-
tion is warranted, there are some limitations. Firstly, the
variations may not be due to the different conditions, and
could simply be due to variations/inhomogeneities in the
material strength throughout the PU test blocks used for
the insertions; this could include systematic variations in

hole size arising from inconsistent drill runout. Secondly,
this was only tested with a single type of screw in a single
material; future work should test with a larger variety
of bone screws and PU foam densities. Additionally, the
PU foam does not perfectly imitate real bone, and the
underlying physical/material-science causes for the results
seen in PU foam may not match real bone; future testing
should ideally also consider using real bone samples.

This paper investigated the effects of the non-ideal cases
tested on the identified strength. A more comprehensive
analysis should also consider the torque-limit model as
part of the system, as, for example, the presence of a plate
may change the torque capacity of the material.

6. CONCLUSION

We performed insertion tests of screws into artificial bone
to test the effects of two non-ideal conditions on the
identification of the bone strength with our previously-
developed model-based method.

We found that changing from a constant angular velocity
insertion to a varying trapezoidal profile caused a statis-
tically significant (p < 0.05) change in the variance of the
identified strengths (variance ratio 95% confidence interval
= [1.03, 6.58]), and it caused a statistically significant
(p < 0.05) 10% decrease in the mean identified strength.

Additionally, adding a plate for the screw to tighten
against did not cause a statistically significant (p = 0.16)
increase in the variance of the identified strengths, but still
caused a statistically significant (p < 0.05) 20% increase
in the mean identified strength.

Future work should expand on the screws and materials
tested to test if these results apply in general, not just
these specific conditions.
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without plate) separately to the two others (trapezoidal
velocity, or with the plate), both comparisons show a
statistically significant (p < 0.05) difference in the sample
means from the 2-sample t-tests in Table 4. It is worth
noting that while the differences are statistically signifi-
cant, it is not clear if they would be clinically significant
as the sample mean from the trapezoidal case is only 10%
less than the base case, and from the case with the plate
it is only 20% more. Regardless, directly interpreting the
statistical test suggests that these tested conditions affect
the calibration of the model based method for determining
the strength of bone, and to minimise errors, a practical
application of this should have some way to identify and
correct for the variation between these cases. The sample
mean difference for the trapezoidal case may be due to the
data sampling; while the sampling is at a constant rate
w.r.t. time, the variable speed will give a varying rate w.r.t.
displacement, weighting some displacement ranges more
than others. This may add a slight bias to the fitted σucs,
resulting in the observed difference in sample means. For
the case with the plate, the increase in average identified
strength may arise from the plate adding a small amount of
additional friction torque to the shaft of the screw during
insertion, which is currently indistinguishable to the model
from a harder bone material, as in Equation 8, torque is
proportional to σucs.

Table 4 also shows a statistically significant (p < 0.05)
decrease in variance for the trapezoidal insertion profile
compared to the base case, but no statistically significant
difference with the plate present (p = 0.16). The decrease
for trapezoidal insertion however, only just exceeds the
threshold for the test, and the lower bound of the 95%
confidence interval for the variance ratio is only 1.03,
suggesting the difference may be very small. Again, inter-
preting the statistical test result directly, this suggests that
different insertion velocity profiles may affect the precision
of the model-based method for identifying bone strength,
as the tighter variance in the trapezoidal case would trans-
late to more consistent torque limit identification.

While this paper found some statistically significant differ-
ences between the datasets, and suggests further investiga-
tion is warranted, there are some limitations. Firstly, the
variations may not be due to the different conditions, and
could simply be due to variations/inhomogeneities in the
material strength throughout the PU test blocks used for
the insertions; this could include systematic variations in

hole size arising from inconsistent drill runout. Secondly,
this was only tested with a single type of screw in a single
material; future work should test with a larger variety
of bone screws and PU foam densities. Additionally, the
PU foam does not perfectly imitate real bone, and the
underlying physical/material-science causes for the results
seen in PU foam may not match real bone; future testing
should ideally also consider using real bone samples.

This paper investigated the effects of the non-ideal cases
tested on the identified strength. A more comprehensive
analysis should also consider the torque-limit model as
part of the system, as, for example, the presence of a plate
may change the torque capacity of the material.

6. CONCLUSION

We performed insertion tests of screws into artificial bone
to test the effects of two non-ideal conditions on the
identification of the bone strength with our previously-
developed model-based method.

We found that changing from a constant angular velocity
insertion to a varying trapezoidal profile caused a statis-
tically significant (p < 0.05) change in the variance of the
identified strengths (variance ratio 95% confidence interval
= [1.03, 6.58]), and it caused a statistically significant
(p < 0.05) 10% decrease in the mean identified strength.

Additionally, adding a plate for the screw to tighten
against did not cause a statistically significant (p = 0.16)
increase in the variance of the identified strengths, but still
caused a statistically significant (p < 0.05) 20% increase
in the mean identified strength.

Future work should expand on the screws and materials
tested to test if these results apply in general, not just
these specific conditions.
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