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ABSTRACT Background: In hip arthroplasties, surgeons rely on their experience to assess the stability
and balance of hip tissues when fitting the implant to their patients. During the operation, surgeons use a
modular, temporary set of implants to feel the tension in the surrounding soft tissues and adjust the implant
configuration. This process is naturally subjective and therefore depends on the operator. Inexperienced
surgeons undertaking hip arthroplasties are twice as likely to experience errors than their experienced
colleagues, leading to dislocations, pain and discomfort for the patients. Methods: To address this issue,
a new, 3DOF force measurement system was developed and integrated into the modular, trial implants that
can quantify forces and movements intraoperatively in 3D. The prototypes were evaluated in three post-
mortem human specimens (PMHSs), to provide surgeons with objective data to help determine the optimal
implant fit and configuration. The devices comprise a deformable polymer material providing strain-based
displacements measured with electromagnetic-based sensors and an inertial measurement unit (IMU) for
motion data. Results: Device results show a relative accuracy of approx. 2% and a sensitivity of approx. 1%.
PMHS results indicated that soft tissue forces on the hip joint peak in the order of ~100 N and trend with
positions of the leg during range of motion (ROM) tests, although force patterns differ between each PMHS.
Conclusion: By monitoring forces and force patterns of hip soft tissues, in combination with standardised
ROM tests, the force patterns could shed a light on potential anomalies that can be addressed during surgery.
Clinical and Translational Impact Statement: The development of an instrumented hip implant device for
use during surgery knowledge will eventually allow us to develop a predictive model for soft tissue balancing,
that can be used for pre- and intra-operative planning for each patient on a tailored and personalised basis.
Ultimately, we hope that with this device, patients will benefit from a faster recovery, from a more-precisely
fitted hip, and an improved quality of life.

INDEX TERMS Medical device, surgery, hip arthroplasty, soft tissue balance, hip stability.

I. INTRODUCTION

Hip replacement is a surgical procedure undertaken to relieve
osteoarthritis pain (~63%) [1] and to treat fractures by
replacing the hip joint with an implant, commonly consist-
ing of a shell, liner, head and broach (stem), as shown in
Figure 1 (a-b). In the case of a total hip replacement (THA),

both the femoral head and acetabulum are replaced with
an artificial ball and socket joint. It is in fact the most
common arthroplasty procedure in The Netherlands, with
more than 40.000 operations carried out in 2019 and steadily
increasing [2]. Also, an increasingly younger population will
be receiving this treatment [3], [4] while demanding more
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FIGURE 1. The stock implant (Corail Hip Systems, DePuy Synthes,
Johnson&Johnson, Warsaw IN, USA) was used as the starting basis for the
design of the instrumented prototypes. (a) The permanent implant and
(b) the temporary (trial reduction) implant with various modular neck and
head geometries. (c) The instrumented prototype with instrumented
necks and a modified head. The blue arrow indicates the 3DOF prototype
and the red arrow indicates the 1DOF prototype. (d) The coordinate
system used in this report; tension (or compression from the negative
side of the axis) is positive while compression is reported as negative.

(e) The inside of the 3DOF implant with the head removed shows the
radial and axial O-rings,sensor placement and wiring.

from the treatment to suit their more active lifestyles at the
same time. THA prevalence between gender is approximately
55%-45% split between women and men [4], and thus a high
degree of personalised treatment is necessary due to body
geometry differences. Therefore, improvements to implant fit
accuracy and soft tissue balancing around the hip joint are
necessary. One method to achieve this is through force mea-
surements during the fitting of the implant to sense the ten-
sioning of the surrounding soft tissues, which can be adjusted
by changing the implant geometries during the surgery. A
more well-balanced hip can lead to a quicker recovery to
normal daily activities.

Soft tissue balance of THA is less investigated than that
of total knee arthroplasties (TKAs) [5], [6], even though the
outcomes of THAs also rely on the surgeon’s experience to
determine properly balanced soft tissues. Instability is the
biggest cause of early implant failure, typically within five
years of surgery [7]. Conventionally, a conservative approach
would be to provide sufficient tension through slightly higher
offsets to ensure stability, although this does come with
drawbacks such as pain, fatigue and longer recovery time
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until the muscles adapt over time. Larger femoral heads pro-
vide more stability and higher range of motion (ROM), but at
the expense of higher impingement risks, liner fracture (due
to thinner material) and higher wear rate because of the larger
moment arm [8]. Too little tension, on the other hand, risks
limping and even dislocation if the offset is not sufficiently
restored [9]. Arguably, the optimum range of a “‘balanced”
soft tissue tension within the hip is not simple to determine
and is also subjective amongst surgical professionals.

The implant configuration is first predetermined using
x-ray imaging and then confirmed intraoperatively with trial
components before selecting a permanent implant by manip-
ulating the leg in a series of movements with a ROM test,
while the surgeon feels the muscles’ resistance during the
movements. The problem with the current ROM tests is that
they are subjective, and there is no standard test protocol.
Tang et al. [10], designed an inertial measurement unit (IMU)
sensor-based implant and tested the accuracy/drift in vitro.
Several studies indicate that soft tissue tension is related to
pain (for instance in the groin and knee), dislocation, range
of motion of the hip and limping [11]-[13]. Furthermore, the
most common errors in THAs are made by inexperienced
surgeons [7], [14], with up to twice as many dislocation
incidences than experienced surgeons, decreasing by ~50%
for every ten procedures performed annually, and plateauing
after approximately 30 operations [15].

Researchers of the Orthoload implants developed three
generations of instrumented “Hip I-III"” of one-off versions
of permanent hip implants that were used in clinical valida-
tion studies [16]—[18]. These latter implants were able to mea-
sure hip joint forces in everyday movement activities using
embedded sensors that are powered through electromagnetic
induction. While their work may initially appear to be similar
to ours, our ultimate goal and design approach are funda-
mentally different. The goal of this study is to measure and
fine-tune the implant selection for hip replacements during
the procedure. It is also therefore not about quantifying the
forces experienced in the hip after the procedure. Although
we expect forces experienced in everyday activities to be
different from our scope — lying down, under anaesthesia, the
work from Orthoload provides a useful point of comparative
reference.

We propose a measuring system for surgeons to obtain
an objective force reference in combination with the stan-
dardised ROM tests. The system was developed based on
the design of a commercially available trial implant (DePuy
Synthes Corail) (Figure 1 (b)) to remain simple, modular, and
affordable, while keeping the technical requirements includ-
ing biocompatibility, water resistance, sterilisation com-
patibility, appropriate sizing, sensing magnitude, accuracy,
safety, reliability and user-friendliness in mind. The bespoke
neck and head components work with existing trial implants
and the testing procedure regarding ROM trials. We first
conceived a 1DOF device in the axial direction of the neck
of the hip implant, as a proof of concept, since we expect
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most of the forces are transmitted in that direction. Then, the
sensing capability was increased to 3DOF by the addition of
an IMU for motion sensing. The prototypes were tested and
calibrated with a benchtop universal testing machine, and two
pilot post-mortem human specimen (PMHS) studies (n=3 in
total) were carried out to evaluate the prototypes.

Il. MATERIALS AND METHODS

A. DESIGN RATIONALE

A temporary trial reduction implant based on a commer-
cially available design has been made. The design can be
swapped out easily during the intraoperative fitting process.
The prototype uses linear Hall-effect sensors in combina-
tion with a compliant material to measure small deforma-
tions (~1 mm at 30 kg load) within the temporary implant
head. Sensors ranging from strain-gauges to force-sensitive
resistors (FSR) and optical sensors were evaluated. Hall-
effect sensors were chosen because of their simplicity in
electrical circuit design, space constraints, cost and reliability,
and because they were effectively used in a knee balancer
unit before [5]. These Hall sensors use a magnetic flux to
determine their relative position to the source. Compliance
with the structure was provided by a rubber O-ring between
a neodymium magnet and the Hall-sensor to secure the
head in its position and prevent fluid ingress. All compo-
nents were selected to meet autoclave sterilisation (temper-
ature, pressure, humidity) requirements; low-cost with the
option to be reusable or single-use if desired. Prototypes are
wired and connected to a microcontroller (Arduino UNO,
Arduino AG, Turin, Italy) and a computer running Matlab
(R2019a-R2020a Mathworks, Natick MA, USA).

1) IMPLANT DESIGN

In the first phase of development, we conceived a 1DOF
device in the axial direction, as a working principle, since we
expect most of the forces are transmitted in that direction. The
instrumented implant is designed based on the trial reduc-
tion broach of the Corail Total Hip System (DePuy Synthes,
Johnson & Johnson, Warsaw IN, USA) (Figure 1 (b)). Only
the neck and head segments of the trial reduction compo-
nents were utilised while retaining their exterior geometry
(Figure 1 (c)). The head size used was ¢32 mm with +1 mm
offset (as the standard) and neck geometry was the 125° High
Offset Coxa Vara Collared (KLA) variant. For the 3DOF
prototype, additional necks were designed having variable
offset (with spacers): 135° Standard offset (STD-135) and
135° High Offset (KHO) variants. Only the standard offset
was used in the PMHS study, as this is the most commonly
used option.

2) STERILISATION COMPATIBILITY

Electronic components were tested in an autoclave
(MELAtronic 23 EN, MELAG, Berlin, Germany) through
a standard cycle typical of hospital sterilisation equipment

2500310

(steam at 134 °C, 2 bar, 20 minutes) as per van der Pol, 2017
[19] to verify the survival of the components.

3) FIRST ITERATION: 1DOF PROTOTYPE

Device design: a 1DOF device was developed with milled
and 3D printed stainless steel components. A hall sen-
sor (A1302/A1308, Allegro MicroSystems, Manchester NH,
USA) was implemented at the axial (z-axis) direction of the
neck (see Figure 1 (d)). A magnet (5 x 1 mm circular N38)
is attached to the opposite end and can slide freely (assum-
ing small friction). Sandwiched in between is an O-ring
(10 x 6x2 mm circular cross-section VMQ silicone rubber)
acting as the spring element.

Force-voltage calibration of 1DOF: a compression test
on the head was carried out to determine the relationship
between applied force and voltage output of the sensors with
a universal testing machine from 0-0.85 mm at 0.05 mm
step size with 5 s of rest. From this, we obtain the approxi-
mate Hooke’s law correlation between the amount of exerted
force, compression of the O-ring, the distance between the
magnet and the sensor and thus the sensor voltage reading.
We also assume small hysteresis is experienced during the
(de)compression of the O-ring. In other words, the energy
lost between compressing and decompressing the O-ring is
small enough to assume the same force-voltage relationship
(indeed, this was tested and is shown in Supplementary
Figure 7).

4) SECOND ITERATION: 3DOF PROTOTYPE

Device design: a 3DOF iteration was developed based on
the 1DOF prototype with sensing in 3 axes and added an
inertial measurement unit (IMU) gyroscopic motion sensor.
The axial Hall sensor and O-ring setup was retained but three
more Hall sensors were added on the sides of the neck to
measure in the x-y plane (see Figure 1 (d)). The inner neck
component was 3D printed using glass-filled nylon (PA 6
GF30, Hubs, Amsterdam, The Netherlands) while the neck
base was made of CNC machined aluminium (7075-T651
grade aluminium, Weerg, Gardigiano, Italy). Magnets were
N50 instead of N38 as used in the 1DOF version. Two larger
O-rings (15x 10 x 2.5 mm circular cross-section NBR nitrile
rubber) on the neck, spaced equidistance apart from the hemi-
sphere of the head provide displacement in the radial direction
(Figure 1(e)). We assume small displacements of the O-rings
and that any deviation/pivot about its centre causing the mag-
netic field and the sensor to misalign is small. Some crosstalk
effects due to the proximity of different sensor-magnet pairs
were isolated during the processing of the data by measur-
ing how much the forces change in all principal directions
(when compressing in one principal direction) and subtract-
ing that deviation during data processing (see Supplemen-
tary Figure 1). The x-y plane Hall sensors were arranged
120° apart as shown in Figure 2. To convert the readings
to principal forces by considering the voltage change, the
location, angle and the plane of the sensor when a force is
applied (thereby changing the distance between the magnets
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FIGURE 2. Schematic showing the x-y plane cross-section of the head
with the three hall effect sensors and their resolved force vectors.

and the sensors), the following equations were used:

V3

Vy = T(V3_V2) (D
Vi Vo+ V3
Vy=—— —"-— 2
=7 3 2
Ve=Vy 3)

Full derivation can be found in Supplementary Information
section 1.

Force-voltage calibration of 3DOF: a compression test
with the 3DOF prototype was carried out on the univer-
sal testing machine (LR 5K, Lloyd Instruments, Bognor
Regis, United Kingdom) under a linear load-unload profile
at 1 mm min™! to 1 mm displacement on 3 principal axes. An
example of this is in Supplementary Figure 2. The peak
voltage reading is correlated with the peak force reading
from the indenter. The force-displacement curves resemble
a linear fit, therefore, a linear scaling factor was used. The
right-hand rule convention for positive direction was applied
such that compression is negative. The forces reported in the
3DOF data were zeroed in the neutral position, i.e. the relative
forces are presented. To test the accuracy and sensitivity of
the 3DOF sensor, it was additionally validated by hand with
weight pieces of 2 kg + 1 kg, at three random angles.

Isolation of forces in the principal directions: interfer-
ence and crosstalk from surrounding magnets may occur
when the magnet positions change due to the displacement of
the O-rings. The amount of interference is proportional to the
amount of compression. In the method to minimise the inter-
ference in one principal axis, the ratio between that and the
cross talk from the two perpendicular axes is subtracted (for
instance, the x-axis formula is shown in Equation 4). The
overall result for this isolation method is shown in Supple-
mentary Figure 1 and it appears that unwanted interference
was minimised. Furthermore, the raw data is shown addi-
tionally with Matlab smoothing filters of Matlab functions
medfiltland sgolayfilt. This wasnotused during the

VOLUME 10, 2022

PMHS experiments.

2 2
XpewX — = y__Z_ (@)
X X
Hysteresis and stress relaxation:the degrees of hysteresis
and stress relaxation of the compliant material — the polymer
O-ring material were examined. Both the top and side O-rings
underwent a linear load-unload, load-controlled compression
using the universal testing machine at 0.67mm/s and 1 mm/s
to 95 N (load cell limit of 100 N). For stress relaxation, a
hold section of 30 s is added to the abovementioned test
method between the loading and the unloading profiles. The
relaxation curves were normalised for the two-term Prony
series function in Supplementary Figure 8. The Prony coef-
ficient for the instantaneous modulus was obtained in the
same method as Crichton et al. [20] (see for derivation). The
equation used for the two-term Prony series is as follows:

G=1-g (1= ) —g (1-¢7) )

Inertial measurement unit (IMU):a 9DOF IMU stick with
the LSM9DS1 chip (SEN-13944, Sparkfun, Niwot CO, USA)
was seated on the neck of the 3DOF unit to provide spatial
coordinates to the user. The IMU connected to the same
Arduino is used to process the Hall-effect sensors’ informa-
tion using Matlab functions ‘Ism9ds1’, ‘readAcceleration’,
‘readAngularVelocity’ and ‘readMagneticField; complemen-
taryFilter’ and converted to rotation in the principal axes
[21]. Because of the default output of the IMU and the
angle it is mounted on the neck, the principal axes were
calculated, such that the x-axis points to the implant’s shoul-
der, and the z-axis points to the head (see Figure 1 (d)).
The recorded ROMs were reviewed in Matlab for verifica-
tion using the accelerometer-gyroscope-magnetometer fusion
function ‘ahrsfilter’.

B. POST-MORTEM HUMAN SPECIMEN (PMHS) STUDY

1) APPROVAL STATEMENT

The PMHS studies were carried out per the Tissue Bank
guidelines of Erasmus Medical Centre, Rotterdam, The
Netherlands. All total body donors were part of the national
donor programme and have given written consent for tissue
donation for educational and scientific purposes before pass-
ing away. Under Dutch law, and these conditions no approval
from the medical research ethics committee was required.
Due to European privacy regulations, medical history was
only available to the general practitioner of the donor and not
to the receiving academic medical centre.

2) TEST PROTOCOL

The right legs of fresh (non-frozen-and-thawed/non-
preserved) PMHSs (n=3, elderly age, exact age not provided)
were used, having an already-exposed hip region from an
earlier hip arthroplasty skills lab session using the anterior
approach and bored femur and reamed acetabulum on the
day. The rigor mortis phase past the initial time of death was
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avoided. One PMHS was used for the 1DOF trial while two
others were used for the 3DOF trial separately. Originally a
fourth PMHS was prepared. However, the tissue conditions
were unsuitable for trials and thus the fourth PMHS was
excluded from the study. To prevent external electrome-
chanical interference, we ensured that measurements were
conducted without having other instruments near the surgical
incision.

3) RANGE OF MOTION (ROM) PROTOCOL
The PMHS was in a supine position with the hip exposed
through the anterior approach. The following tests were con-
ducted for the IDOF implant trial (0° means neutral position).
Each movement was repeated 2-3 times.

1) External rotation from ~0° to 45° then to 90°

2) Internal rotation from ~0° to 45° then to 90°

3) Abduction from ~0° to 25°

4) Adduction from ~0° to 25°

5) Flexion of hip and knee from 0° to 45° then to 90°

6) Adduction-abduction to ~25° combined with a 45°

rotation

For the 3DOF implant trial, the following tests were con-
ducted:

1) Push, pull (proximal-distal)

2) External rotation

3) Flexion, extension

4) Flexion, external (++internalx) rotation, extension

5) External rotation (with dislocation)*
*For the second PMHS trial only

We allowed a three-second waiting time and zeroed the
readings before the commencement of each test.

Ill. RESULTS

To design a soft tissue tension measuring device for hip
arthroplasty, we first developed a 1DOF prototype using
simple, off-the-shelf Hall-sensor based electronics and tested
it in a PMHS study. This was followed up by an improved
3DOF prototype which was tested in two PMHSs.

A. DEVICE PERFORMANCE CHARACTERISTICS

1) PRINCIPAL AXES CALIBRATION

The indentation example shown in Supplementary Figure 1
shows the raw readings (top row) converted to principal axes
(middle row), and then with crosstalk effects minimised (bot-
tom row). Both the crosstalk effects and the noise appeared
to be filtered out well.

2) RUBBER O-RING CHARACTERISTICS: HYSTERESIS, STRESS
RELAXATION AND STERILISATION COMPATIBILITY

In linear load-unload indentations of two speeds (0.67 mm/s
and 1 mm/s), most curves (Supplementary Figure 8)
appeared to have minimal hysteresis effects for the O-ring
material used in the device (the return curve follows closely
with the initial curve; the area between the outbound and
inbound curves are small).
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FIGURE 3. 1DOF in the axial direction showing various ranges of motion
performed on one PMHS: (a) external rotation of the hip, (b) internal
rotation, (c) abduction, (d) adduction, (e) Flexion and (f) abduction and
adduction, plus external rotation.

In terms of stress relaxation, the load-hold-unload inden-
tations of 30 s showed that the material’s resistance to a
constant force decreased sharply within 2-3 seconds after
applying a constant force and that after a fitting to a two-term
Prony series, we arrived at an average Prony series coeffi-
cient for each indentation velocity/O-ring-type combination
of 0.92-9.96 (Supplementary Table 1). In other words, the
forces measured may be up to approximately 8% lower than
the true force in the load-hold-unload experiment after about
10 s. Consequently, we take the stress relaxation effects are
small as a reasonable approximation.

B. PMHS STUDY

1) INSERTION OF THE IMPLANT ONTO THE STEM IN THE
PMHS

The instrumented device was placed directly atop the stem
in the same way as placing a regular neck and stem without
hindrance to usability and user-friendliness. The data cable
connected to the implant leads out the opening of the hip area
to the Arduino and computer for recording and processing.

2) 1DOF PROTOTYPE

We observed distinct changes in force patterns of soft tissue
forces acting on the implant head as the leg was moved
during the range of motion trials. Figure 3 (a-f) shows a
force range of approximately 20-120 N, depending on the
ROM. Distinct patterns were observed for specific positions,
for instance, (a-b) at the peak (90°) of each internal/external
rotation. Notably, at the halfway point of the motion (45°),
the force reading was not exactly halfway between the force
values corresponding to 0° and 90° and was closer to the
force value of the neutral (0°) position than the 90° position.
For internal rotation (b), the midway force varied depending
on the repetition, and an overall trend with decreasing in
absolute force was observed. Both abduction and adduction
(c-d) movements from the neutral position to ~25° produced
a peak force in principal axes of approximately 120 N and
100 N, respectively. For the flexion of the hip in the combina-
tion of the flexion of the knee (e) from 0° to 45°, a forces were
higher than at 90°. In the final combined ROM (f), the forces
peaked at the end positions (25°) of abduction and adduction
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FIGURE 4. 3DOF of the push-pull (proximal-distal) range of motion
performed on two PMHSs (left and right columns respectively), with the
top row (a, b) showing the net resultant force in each principal direction
and the bottom row showing the angular velocities (c, d) from the IMU
showing the rotational movements of the hip.

of approximately 100 N, and a small dip to approximately
80 N was observed when the leg was moving from abduction
to adduction. The additional exorotation movement appeared
to differ between the first and second cycle — the first force
reading of the first exorotation was closer to the starting force
than the second exorotation. During certain movements such
as an internal rotation(b), the peak forces deceased after each
successive motion, although the pattern generally remained
the same. In most cases, the start and finish force readings at
the neutral position differ (a-b at ~40 N c-f at ~25 N), except
for the (d) adduction ROM.

3) 3DOF PROTOTYPE

The results of the PMHS study carried out with the 3DOF
prototype (2x replicates) are shown in the left and right
columns of Figure 4 — Figure 7. The forces (top row) are
in a range of approximately —40 N to 100 N for PMHS
C1 and within —70 N to 50 N for PMHS C2. Additional
angular velocity readings (bottom row) are presented, illus-
trating the ‘consistency’ of the surgeon’s input and speed in
moving the leg through the various ROMs, which peaked
at approximately 60 rad/s for most movements. The addi-
tional validation done by hand with weight pieces, shown in
Supplementary Figure 9, shows an estimated accuracy of
approx. 2 N and a sensitivity/resolution (taken as the coars-
est fluctuation before Matlab filter smoothing) of approx.
0.85-1 N. Raw readings directly from the sensors are shown
in Supplementary Figure 5.

During push-pull: the first movement (Figure 4), most of
the compression force in the head is in the z-axis direction.
For both replicates, the peak force for each compression is
at approximately 40 N and 70 N. Note that the final position
does not necessarily return to zero. The initial “moving the
leg into position” in the second replicate showed a much
higher (almost 40 rad/s) rotation rate than the push-pull
motion, and as expected, the angular velocity for the entire
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FIGURE 5. 3DOF measurements of the hip external rotation ROM
performed on specimen 1 (left) and specimen 2 (right), with the top row
(a, b) the net resultant force in each principal direction and the bottom
row the angular velocities (c, d).
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FIGURE 6. 3DOF measurements of flexion-extension ROM performed on
Specimen 1 (left) and Specimen 2 (right), with the top row in (a, b) the net
resultant force in each principal direction and the bottom row the angular
velocities in (c, d).

ROM remains small (>10 rad/s) as the leg does not rotate
(see Supplementary Figure 3 specimen 1-2 push-pull).

During exorotation (Figure 5), the two specimens exhib-
ited distinct patterns during the ROM albeit different mag-
nitudes between the two replicates. The forces all peaked at
the end (limit) of the movement corresponding to where the
angular velocity curves cross the x-axis. The principal y-axis
direction reading of the end section of the ROM for the first
replicate appeared to have plateaued at approximately 50 N
instead of close to zero.

The forces observed for the flexion movement in Figure 6
show, again, two different magnitudes acting on the joint,
although the patterns were still discernible, especially in
specimen 1. A tightening of soft tissues was observed at
the peaks of the flexion movement, shown primarily with a
positive z-axis reading. The y axis reading of specimen 2
shows a sudden decrease during the second cycle, but this
is not reflected in the IMU data. Forces for Replicate 2 also
appeared to decrease first and then increase at the peak of
the movement, likely coinciding with the subtle movement
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FIGURE 7. 3DOF measurement of the hip flexion, external rotation and
extension ROM performed on specimen 1 (left), and an additional,
internal rotation on specimen 2(right) with the top row (a, b) the net
resultant force in each principal direction and the bottom row the angular
velocities (c, d).

endorotation between 1-2 second timeframe. The angular
velocity patterns show that the movements of the ROMs
between the two were comparable, although, for specimen 1,
the rotation rate was smaller than specimen 2, likely due to
large resistance coming from soft tissues.

In the combined ROM of flexion, external rotation and
extension, the data is presented in Figure 7. Consistently,
specimen 1 exhibited higher forces (peaks at approximately
—70 N to 100 N) whereas specimen 2 showed much smaller
magnitudes at less than —20 N to 20 N. specimen 1’s force
readings and patterns were comparable to the flexion ROM
as presented in Figure 6, but with the additional dip account-
ing for the external rotation. specimen 2, however, also dis-
played distinct patterns, although while the forces were much
smaller, the external and internal movements were captured
in the forces as a dip in the x and y axes and then an increase in
the same axes. Instead of returning to the neutral position after
an external rotation of specimen 2, the motion was continued
to an internal rotation.

In the final ROM carried out additionally at the end
of the experiment session, a combined external rotation
with deliberate dislocation motion was carried out as an
exploratory test following the final ROM mentioned above
of specimen 2, and the result is presented in Supplementary
Figure 6. The force curves began similar to the exorotation
ROM of Figure 5 (c¢). However, a deliberate manoeuvre of
the hip joint to cause it to dislocate was identified as a jolt
(just before 10 s elapsed time) in the figure.

Acceleration and magnetic field data from the IMU:the
acceleration magnitudes are shown in Supplementary
Figure 3and reported in standard gravity g (9.81 m/s?). From
here we observed that the y axis is at approximately 1 when
at the neutral position from gravity. The readings of all
three axes illustrate the position of the leg during the range
of motion with the relation between the implant reference
frame (Figure 1 (d)) and the earth reference frame. The
magnetometer data presented in Supplementary Figure 4)
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with units in gauss, also showing some similarities, when
compared with the acceleration data in terms of rising and
falling of patterns in the principal axes, is used to provide
orientation reference when the motion is reanimated later in
Matlab.

IV. DISCUSSION

In this paper, we presented two design iterations of a novel,
low-cost medical device prototype, capable of measuring
forces and orientation data for use during hip arthroplasties
and trialled them on three PMHSs. The ability to obtain soft
tissue tension measurements of the hip easily will especially
assist inexperienced surgeons, who cannot ‘feel’ the right
level of tension, as well as experienced surgeons to provide
patients with adequate hip stability. To our knowledge, this is
the first device designed to measure soft tissue tension of the
hip intraoperatively, tested in an in situ pilot study.

A. GENERAL OBSERVATIONS

Overall, the force profiles of ROMs carried out on 3 PMHSs
(1x 1DOF, 2x 3DOF with motion data) exhibited different
magnitudes, with peaks up to approximately 120 N, 100 N
and 50 N for 1 (1DOF), 1 and 2 (3DOF), respectively, with
motion profiles showing the position at which these peaks
happen - typically at the extreme ends of the motion. The
rotational rates of the hip manipulated by the surgeon during
the test also appeared more consistent (peaking at approxi-
mately 50 rad/s) in the 3DOF study than the forces measured.
The device was inserted into the PMHSs’ hips without diffi-
culty or change to standard surgical protocol apart from the
additional cable that connects the device to the Arduino. In
our case, the surgeon continues with the operation and the
ROM tests, while another OR team member monitors the data
readout.

The forces are relative to the neutral position at the begin-
ning of the ROM. In many cases, the forces at the end of the
ROM recording do not return to zero. We suspect this could
be due to some bodily fluids having shifted to other regions,
and/or the fact that soft tissues are highly viscoelastic and
possess hysteresis properties, so residual forces remain acting
on the joint and sufficient time (~1 minute) and ‘loosening’
(i.e. a few ‘wiggles’) of the leg back at its neutral position
should be carried out. Furthermore, the overall decreasing
trend in absolute forces is probably due to the stretching and
relaxing of the PMHS muscles. Additionally, the soft tissue
behaviour of a PMHS may be different than that in a living
patient (discussed further below in section IV-B). Regardless,
in future, device accuracy could be calibrated or checked
before and after an experiment to identify drifts.

Interestingly, even though the force readings appear to
differ between the two 3DOF PMHSs, the angular rotational
rates, as well as the acceleration vectors suggest that the
ROMs were carried out consistently between the two. This
discrepancy and the residual forces, most likely down to indi-
vidual differences between the two PMHSs (which further
stresses the need for a higher level of personalised treatments

VOLUME 10, 2022



J. C. ). Wei et al.: Design of Affordable, Modular Implant Device for Soft Tissue Tension Assessment and ROM Tracking

|EEE Journal of Translational

Engineering in
Health and Medicine

in orthopaedic surgery with tissue stability and balance due to
the variability surgeons need to recognise), could eventually
be used as an indicator for surgeons to monitor for unexpected
forces or force patterns at each position of the ROM tests, tak-
ing into account the body geometries and soft tissue volumes.
We also expect different approaches (e.g. posterior, lateral
and anterior) to have a significant influence on the overall
force measurements of the soft tissues.

B. IN SITU VS IN VIVO CONDITIONS

Data collected from in situ conditions in our study may be
different compared to in vivo conditions — we expect some-
what higher force readings during in vivo readings, at least
partly due to due to circulation of bodily fluids [22], but it is
still useful as insight and a steppingstone before the prototype
is tested in clinical settings. Perhaps, we hypothesise that
there will be more damping, hyperelastic and time-dependent
effects and higher forces in vivo and would form a basis for an
in situ vs. in vivo comparative study. An earlier pre- and post-
mortem soft tissue (skin) mechanical behaviour study [23]
may foreshadow some of the effects already. Nevertheless, we
were able to establish the order of magnitude of typical forces
(~100 N) experienced for in situ conditions and can optimise
subsequent device designs to provide a higher resolution for
this expected range of forces. Additionally, the values we
obtained compared to published data from e.g. Orthoload
were in the same order of magnitude — granted that their
values were taken from living patients without anaesthesia.
They reported a peak load of approximately +150-250 N for
45° flexion and 150 N for hip abduction (Orthoload online
database) [18].

C. DEVICE DESIGN CONSIDERATIONS

Regarding the (in)accuracy of using polymer materials (rub-
ber) as the deformable material within the implant, we believe
after showing the materials have small hysteresis (e.g. <10%)
and viscoelastic effects (at least for the tested compression
rate and the linear load-unload tests anyway), it is acceptable
for our purpose when measuring muscle tissues that have
greater hyperelastic and hysteresis effects due to tissue fluids
[24]. A proportional-integral-derivative (PID) loop built into
the post-processing of the data may also mitigate this effect
[25], although this may slow down the refresh/sampling rates
of the overall system as well as introduce unnecessary com-
plications to the device. Not every surgeon will perform the
movements the same way and would be difficult to implement
with human factors involved.

Rubber O-rings used herein were also found unable to
withstand an autoclave sterilisation environment, so new,
sterile O-rings must be used for future in vivo studies or a
different method of sterilisation. Alternative materials such
as metallic-based deformable structures could eventually sub-
stitute the O-ring (which would also eliminate any unde-
sirable polymer characteristics such as hysteresis and stress
relaxation), however, another material is required to seal
the internal structure as the O-ring also doubles as a fluid
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barrier and may require custom manufacturing. Furthermore,
it is plausible that increasing the accuracy marginally may
substantially increase the cost and complexity of this device.
Regardless, to minimise capturing hyperelastic and hysteresis
effects from both the rubber O-ring and biological tissues
during the experiments in the current design, we propose that
waiting three seconds to allow the rubber and soft tissues to
enter a steady relaxation state [26], we minimise the vari-
ability from soft tissues. This should be an important step to
include in all future in situ and in vivo studies.

D. FUTURE OUTLOOK AND POTENTIAL

We propose that this device eventually can be used to ensure
ROMs are carried out consistently (through the use of IMU
movement data) — e.g. have the surgeon check the flexion or
rotation angle and the rate of motion is carried out to a prede-
termined position and velocity, and check if the resistance of
the soft tissue tension is as expected with the force readings.
With sufficient repetitions, experienced surgeons can begin
devising “‘gold standard” guidelines on ROM protocols —
at the moment, this differs per surgeon. The following step
would be to use the collected (in vivo and in situ and identify
differences) patient body build data (bone geometry and soft
tissue volume), measured forces and movements (and through
the input from multiple surgeons to identify ‘good’ and ‘bad’
cases) to build a predictive model. We propose to normalise
the forces and use the force ratios at different ROM posi-
tions as a point of reference for modelling. We foresee this
technology will eventually supplement current surgeries by
suggesting to the surgeon intraoperatively, for a given patient
and a given ROM, the ideal range of force response. If the
measured force is outside the “optimum” range, then the
device could prompt the surgeon to adjust the implant or
to change the geometry, such as neck angle and/or offset,
implant and/or head/cup sizes. This will ultimately lead to a
more personalised medical approach, tailoring each implant
operation more specifically to suit individual patients. At the
same time, we also minimise the subjectivity of different
surgeons.

E. FUTURE WORK AND LIMITATIONS

The phenomenon of the forces not zeroing at the end of the
ROM trial needs future investigation. In a follow-up study,
we would like to emphasise the discrepancy, variation and
patterns amongst patients, and investigate how these fac-
tors influence the interpretation of the results concerning
hip stability and tissue balancing. The effects of anaes-
thetics on muscle forces (between anaesthetised and non-
anaesthetised states) also need to be further investigated.
Apart from longer-term data-collection experiments already
mentioned, an improvement to the current device design can
further lock any potential rotation of the head to the neck, as
any rotation/unalignment can potentially influence the x- and
y-axes readings when the distance between the Hall sensors
and the magnets changes., Therefore, we suggest changing
the fitting/base of at least one of the O-rings to a triangular
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(2 (b)

FIGURE 8. Improved triangle base design with head rotation lock
allowing more precise sensor-magnet alignment for future use. (a) is
without the head, viewed from the top/side, and (b) viewed from below,
with the head fitted.

shape to improve the alignment of the magnet-sensor pairs.
An example of this is shown in Figure 8.

A further study may be interesting to compare differences
between in vivo datasets with in situ PMHS experiments, as
well as in vivo anaesthetised patient experiments. We hypoth-
esise in the latter case, the muscles will mostly be relaxed and
may give lower force readings. On top of this, we were also
able to distinguish that force readings correlate to positions of
ROM movements. The ROM protocols we used in this study
are also useful — at a minimum, surgeons should carry out a
flexion-extension ROM, external and internal rotations, and
a combination of those movements to capture as much of a
range of the hip movement as possible.

Finally, magnet sizing and sensor-magnet pair placement
should also be optimised to minimise interference. A com-
bined simultaneous capture of force and movement in vitro
experiment should also be carried out as further validation.

V. CONCLUSION

In this work, we developed two force-measuring hip implant
prototype devices, first in 1IDOF as a proof-of-principle, then
in 3DOF with integrated IMU capabilities, and used them
in three PMHS ROM trials. The goal is to provide surgeons
with real-time, objective measurements to facilitate them
during surgery in selecting the optimal implant position and
geometry for the patient to improve patient outcomes, such
as minimising pain and the likelihood of dislocations from an
unbalanced hip. Stress relaxation and hysteresis of the device
structure were deemed to be small (<10%), especially when
compared to that of biological tissues. Thus, we proposed
that the use of off-the-shelf materials was suitable to keep
the design simple and low-cost. In the experiments, we found
force values ranging in the order of ~100 N, also comparable
to literature data, however, both force magnitudes and pat-
terns differ between PMHSs. We suggest that using both force
and position data could help identify undetected anomalies in
implant fit when ROM tests are carried out by the surgeon.
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Finally, we suggest that future work should focus on device
refinement and optimisation for clinical use, investigate a
baseline of “optimally balanced hip”’, devise standardised
guidelines for ROM tests and collect data in (pre)clinical tri-
als, to build up a database of patient body geometry and force
measurements. These investigations will eventually lead to a
higher level of personalised treatment for individual patients,
increased success rate and quality of THAs, while reducing
the cost on the healthcare system (e.g. reduced recovery time)
and added value to patients, healthcare providers and implant
makers.
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