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Abstract 

Total knee arthroplasty (TKA) success is highly dependent on accurate implant alignment, 
however, 80% of procedures globally are performed manually. Manual procedures have higher 
alignment errors compared to robotic platforms and patient-specific instrumentation, yet these 
have limitations of high cost and intraoperative inflexibility, respectively. This study aimed to 
evaluate the intraoperative pin positioning accuracy and flexibility of a smartphone-assisted 
navigation system using CT-derived surgical plans. Three participants used the navigation 
system to perform 108 guide pin insertions (54 femoral, 54 tibial) on surrogate bone models 
based on CT-derived surgical plans. Testing included both default mechanical axis targets (0°) 
and user-selected navigated targets ranging from -3° to 3°. Accuracy was assessed by 
comparing achieved pin trajectories with the preoperative surgical plan. Median absolute 
angular deviations achieved ranged from 0.9° to 1.6° across all component–plane combinations, 
with an overall median deviation of 1.3° (IQR 0.6–2.1°). The proportion of insertions within a 
predefined ±3° clinical accuracy threshold ranged from 83.3% to 100%, and all component–
plane combinations demonstrated deviations significantly within this threshold (p < 0.00001). 
These findings support the technical feasibility of the smartphone-assisted navigation system 
for surgical pin positioning under controlled pre-clinical conditions. Further studies will 
evaluate the navigation system in cadaveric models with experienced orthopaedic surgeon 
participants. 

1. Introduction 

Total knee arthroplasty (TKA) is regarded as one of the most cost-effective and successful 
operative procedures[1]. However, there are reports that a significant number of patients 
experience dissatisfaction postoperatively due a multitude of reasons[2], including persistent 
pain and functional limitation[3]. Malalignment is a key cause of this and is directly linked to 
instability, pain, and range of motion limitations[4–6]. Small deviations in implant alignment can 
increase the wear of components, distribute the patient’s weight unevenly, and increases the risk 
of postoperative complications, such as loosening, instability, and potentially the requirement 
for revision surgery. Therefore, optimal implant alignment is critical for improving patient 
reported outcomes in TKA. Achieving alignment depends on accurate placement of the surgical 
cutting jig, which defines the resection planes on the femur and tibia[7].  

Despite assistive technologies being developed, such as computer-assisted surgery (CAS), 
robotic platforms, and patient-specific instruments (PSI), 80% of TKA is still performed 
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manually[8], this often leads to greater errors in alignment when compared to those that use 
assistive technologies[9]. A major reason for CAS and robotic platforms not being adopted more 
rapidly is due to higher cost and logistical overhead[10]. PSI, whilst not being as comparatively 
expensive, offers no flexibility intraoperatively[11], and often takes considerable time for the 
customised part to be made.  

A surgical navigation system has been developed to address these limitations of accuracy and 
intraoperative flexibility. The system utilises computerised-tomography (CT) scans of the 
patient’s knee to create a surgical navigation plan using a machine-learning approach. The 
surgical plan is loaded onto an application on a dedicated smartphone which is attached to a 
handpiece. The application navigates the surgeon to achieve the surgical plan of surgical pin 
positioning for a standard cutting jig. The surgeon is able to adjust this plan intraoperatively in 
real time.  

In this study, a prototype of the surgical navigation system was evaluated on surrogate bone 
models. The primary aim of this study was to determine the guided pin positioning accuracy 
achievable using the navigation system under controlled pre-clinical conditions.  

2. Methods 

2.1. Navigation System Workflow and Instrumentation 

The smartphone-assisted navigation system comprises three main functional units, the: 
cloud-based surgical planning platform, smartphone application, and physical navigation 
handpiece. These components operate through two sequential stages, preoperative planning 
and intraoperative navigation, with the workflow summarised in Figure 1. The preoperative 
stage generates a patient-specific navigation model from CT-derived anatomy and surgical 
planning, while the intraoperative stage uses this model through the smartphone application 
together with the physical navigation handpiece to guide surgical pin fixation. 

During the preoperative planning workflow (Figure 1, steps 1–5), preoperative CT data are 
acquired and uploaded to a secure, cloud-based surgical planning platform. The images are 
automatically segmented to generate three-dimensional (3D) geometric models of the relevant 
bony anatomy. Based on these models, key anatomical parameters, including the mechanical 
axes, are computed and used to define the surgical plan. A patient-specific machine-learning 
navigation model is then generated from the CT-derived bone geometry and downloaded to the 
smartphone application before surgery, with the model generation and registration process 
detailed below. 

 

 

Figure 1. Overall workflow of the smartphone-assisted navigation system, showing the preoperative 
planning and intraoperative navigation stages from CT image acquisition to guide-pin fixation. 
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Intraoperatively (Figure 1, steps 6–9), the smartphone containing the patient-specific 
navigation model is mounted on the navigation handpiece and the appropriate femoral or tibial 
cutting-jig attachment is connected, ordered according to surgical preference. Following 
surgical exposure and preparation of the relevant bone surface, the handpiece and phone 
construct is placed directly on the distal femur or proximal tibia. The plungers of the handpiece 
conform to the local bone-surface topography, and the resulting plunger configuration is 
captured by the smartphone camera. This plunger configuration is used by the application in 
real-time to display the position of the cutting guide in terms of implant condylar resection 
height, flexion–extension, and varus–valgus alignment. The surgeon can then adjust the device 
to achieve the surgical plan; intraoperative adjustment as a quantified deviation from the plan 
can be effected. Once the desired parameters are achieved, surgical pins are inserted through 
the standard pin holes of the cutting jig to secure the jig to the bone. 

The principal physical components used during intraoperative navigation are shown in 
Figure 2. The navigation handpiece is a lightweight, single-use plastic device designed to 
securely mount a smartphone (Figure 2A) and incorporates an array of mechanical plungers on 
its bone-facing surface (Figure 2B). When positioned on the bone, the plungers conform to the 
local surface topography (Figure 2C). The handpiece connects to the cutting jig through a 
dedicated metal attachment, with separate attachments provided for the femoral and tibial jigs 
(Figure 2D). 

2.2. Patient-specific Navigation Model and Intraoperative Registration 

A patient-specific navigation model was generated from the segmented 3D geometry of the 
femur and tibia. During model generation, a virtual representation of the navigation handpiece 
is positioned at multiple locations and orientations across the distal femoral and proximal tibial 
surfaces. At each position, the extension of the individual plungers is quantified together with 
the corresponding position and orientation of the handpiece relative to the predefined bone 

 

Figure 2. Physical components of the navigation system. A) Navigation handpiece with smartphone 
mounted. B) Mechanical plunger array incorporated within the handpiece. C) Conformation of the 
plungers to the bone surface. D) Navigation handpiece assembled with the cutting-jig attachment for 
navigation-guided pin placement. 
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axes. This process generates more than 100,000 spatial and measurement relationships for 
each patient-specific model. These paired data are used to train a patient-specific machine-
learning model relating the plunger configuration to the spatial position and orientation of the 
navigation device. 

Intraoperative registration of the physical handpiece to the preoperative CT-derived 
anatomy is then achieved through this patient-specific model. During intraoperative use, the 
measured plunger configuration is matched through the patient-specific model to estimate the 
handpiece pose relative to the predefined bone axes. The corresponding navigation 
parameters, including varus/valgus and flexion/extension alignment, are then displayed in real 
time on the smartphone application, allowing the user to adjust the handpiece to the desired 
target before guide-pin insertion. 

2.3. Participants and Test Samples 

Three participants were recruited for this study, which was designed as a controlled 
technical validation of the navigation platform. All participants were biomechanical engineers 
with prior training and experience using the navigation system to minimise variability 
associated with early device familiarisation. Testing was conducted using three surrogate bone 
geometries fabricated in-house using polyurethane foam (Polycraft Rigid 145, MBFibreglass). 
Each geometry was generated from an independent cadaveric CT dataset, and each test sample 
consisted of a paired femoral and tibial surrogate model representing the anatomy of a 
separate donor. The CT-derived anatomical geometries used in this study were generated from 
cadaveric imaging data obtained under institutional tissue bank governance and research 
ethics approval. 

2.4. Experimental Protocol and Pin Insertion 

Each participant was required to perform surgical pin insertion on all three surrogate bone 
geometries with the objective of achieving neutral alignment (“zero” position) defined as zero 
varus/valgus and zero flexion/extension according to the surgical plan. For each femur tibia 
pair, three replicates were tested and each participant repeated the procedure three times.  

In addition, because the navigation system allows surgeons to select alignment targets based 
on either condylar resection height or angular parameters (flexion/extension and 
varus/valgus), participants were also instructed to perform pin insertion using self-selected 
alignment targets. For these trials, participants selected target flexion/extension and 
varus/valgus angles within a range of −3° to +3° before navigation. The selected targets were 
visible to the participants during navigation. Angular deviation was calculated as the difference 
between the achieved pin position and the corresponding target angle. Three such tests were 
conducted per participant. 

2.5. Post-Insertion Measurement and Data Collection 

The surrogates were mounted and secured on a custom measurement jig incorporating 
reference lines corresponding to the preoperative surgical plan (Figure 3). For each surrogate, 
the metal surgical pins were removed and replaced with two coloured replacement pins (one 
blue, one green) of identical size (3.2mm standard diameter) to facilitate image-based 
detection. A fixed camera was positioned centrally relative to the measurement jig and used to 
acquire images in the coronal and sagittal planes (Figure 3A and B).  

Camera positioning and imaging geometry were standardised to minimise distortion-related 
measurement error. Pin orientation was determined automatically using an in-house 
computer-vision algorithm. The algorithm automatically detected the pin trajectory and 
converted the image-based measurements to angular values relative to the corresponding 
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reference lines. The automated measurement method was validated prior to the study to 
confirm its accuracy and repeatability for angular measurement. 

2.6. Statistical Analysis 

The primary outcome was the clinical success rate, defined as the percentage of guide pin 
insertions falling within the clinically acceptable variation of ±3°[12]. Data were found to be 
non-normally distributed. A two-tailed, one-sample Wilcoxon Signed-Rank test was used on the 
pooled real angular deviation for each plane to determine whether the median angular 
deviation lay within the clinically acceptable margin of ±3°. In addition, differences in absolute 
angular deviation between paired default and user-selected target conditions were assessed 
using the Wilcoxon signed-rank test, while differences in clinical success rates between the 
paired target conditions were assessed using McNemar’s test. Clinical success rates are 
reported as proportions with corresponding 95% confidence intervals. For all analyses, a p-
value of <0.05 was considered statistically significant. 

 

Figure 3. Illustration of the imaging set up and measurements of A) coronal and B) sagittal plane. 
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3. Results 

A total of 108 guide pin insertions were performed (54 femoral and 54 tibial) across the study 
and included in the final analysis. Measurements were obtained for both femoral and tibial 

components in the varus/valgus and flexion/extension planes, under default (“zero”) and user-
selected target conditions. No trials were excluded from analysis. The overall performance of the 
navigation system across all trials and planes is summarised in Table 1:  median absolute angular 
deviations were low across all components and anatomical planes;  when pooled across all 
components and anatomical planes, the overall median absolute angular deviation was 1.3° (IQR 
0.6–2.1°). Using the predefined clinically acceptable threshold of ±3°, clinical success rates 
ranged from 83.3% (95% CI 71.3–91.0%) to 100% (95% CI 93.4–100%) across the component–
plane combinations. The overall clinical success rate was 90.3% (95% CI 85.6–93.6%).  

The median absolute angular deviation for all component–plane combinations was 
significantly within the clinically acceptable margin of ±3° (all p < 0.00001). Although the 
majority of measurements fell within the predefined ±3° margin, a small number of deviations 

Table 2. Surgical pin positioning accuracy according to target-selection condition. 

Target 
Condition 

n 
Median Absolute Angular 

Deviation, ° (IQR) 
Range of Angular 

Deviation, ° 
Clinical Success Rate, 

% (95% CI) 

Default (0°) 108 1.3 (0.6 to 2.1) -5.6 to +2.9 91.7 (84.9–95.6) 

User-selected 108 1.3 (0.8 to 2.1) -7.9 to +4.4 88.9 (81.6–93.5) 

a Data are presented as the Median Absolute Angular Deviation with interquartile range (IQR) in degrees. Range of angular 

deviation represents the minimum and maximum signed angular deviation observed. Clinical success was defined as an 

absolute angular deviation of ≤3°, with 95% confidence intervals calculated for the corresponding proportions. Each target 

condition comprised 108 component/plane measurements across femoral and tibial pin insertions in the flexion/extension 

and varus/valgus planes. 

Table 1. Overall Performance and Accuracy of the Navigation System for Femoral and Tibial Guide 

Pin Insertions. 

Component 
Anatomical 

Plane 

Median Absolute 
Angular Deviation, ° 

(IQR) 

Range of Angular 
Deviation, ° 

Clinical Success 
Rate, % (95% CI) 

Femur 
(n=54) 

F/E 1.6 (0.8 to 2.5) -7.9 to +2.1 83.3 (71.3–91.0) 

V/V 1.3 (0.7 to 2.1) -3.9 to +1.0 85.2 (73.4–92.3) 

Tibia (n=54) 
F/E 1.4 (0.9 to 2.6) -5.3 to +4.4 92.6 (82.4–97.1) 

V/V 0.9 (0.3 to 1.5) -2.3 to +2.7 100 (93.4–100) 

Overall    90.3 (85.6–93.6) 

a Data are presented as the Median Absolute Angular Deviation with interquartile range (IQR) in degrees, calculated across all 

54 insertions for each component. The Range of Deviation indicates the minimum and maximum angular deviation (error) 

observed in the set of 54 real-value measurements for each component/plane combination. V/V = Varus(+)/Valgus(-); F/E = 

Flexion(+)/Extension(-). Success Rate represents the percentage of insertions achieving an absolute angular deviation of ≤ 3° 

with 95% confidence intervals calculated for the corresponding proportions. 
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exceeding this threshold were observed (Table 1). In addition, similar median angular deviations 
and clinical success rates were observed between the default and user-selected target conditions 
(Table 2). There were no statistically significant differences between the two conditions in 
absolute angular deviation (p = 0.843) or clinical success rate (p = 0.648). 

4. Discussion 

The primary objective of this study was to evaluate the accuracy of a smartphone-assisted 
surgical navigation system for guiding pin placement for cutting guides in TKA using surrogate 
bone models. The primary outcome was the clinical success rate, defined as an absolute angular 
deviation of ≤3°. Overall, 90.3% of measurements met this predefined threshold (95% CI 85.6–
93.6%). The majority of the 9.7% of pin placements that were outside this range were in the 
sagittal plane (flexion/extension), meaning that improvements in this plane would further 
enhance surgical pin placement.  

Statistical comparison showed similar performance between the default and user-selected 
target conditions, with no significant differences in absolute angular deviation or clinical 
success rate. These findings suggest that target adjustment within the tested −3° to +3° range 
did not measurably compromise surgical pin positioning accuracy under the controlled 
conditions of this study. 

For context, conventional instrumentation has been reported to have outlier rates ranging 
from 17% to 78%, while reported ranges for CAS and PSI are 10% to 61% and 0% to 22%, 
respectively[13]. The 9.7% outlier rate observed in the present study can be considered 
alongside the broad ranges reported for established alignment technologies. However, these 
cross-study comparisons should be interpreted with caution because of differences in study 
design, operators, outcome definitions and measurement methods. The present study was not 
designed to establish superiority, equivalence, or non-inferiority relative to existing 
technologies, and direct comparative testing will be required to determine relative 
performance. 

The outliers in this study were primarily confined to the sagittal plane (flexion/extension), 
with the largest deviation observed in femoral flexion/extension (maximum 7.9°). Review of 
the outlier cases showed relatively large rotational deviations of the handpiece, suggesting that 
inconsistent initial rotational positioning may have contributed to the observed 
flexion/extension errors. This may be particularly relevant for the femur, where axial 
malrotation of the handpiece can influence sagittal alignment during navigation. 

This suggests that longitudinal orientation of the device is more sensitive to user error or 
morphological variation than coronal alignment. Minor handpiece movement or “toggling” 
during the transition from navigation to pin insertion may also contribute to sagittal error. 
Because the device relies on a pin mechanism to conform to the bone surface, any asymmetrical 
pressure applied during the drilling phase can cause minor rotation of the jig, which translates 
to an angular error.  

To reduce this source of error in future applications, preoperative anatomical landmarks 
could be incorporated to improve the consistency of initial device orientation. For the femur 
(which had a lower clinical success rate), incorporating the Whiteside line (perpendicular 
transepicondylar reference line) [14,15] may help establish a more consistent starting 
orientation before fine navigation adjustments are made. An alternative would be to provide 
the rotational position as a target variable on the smartphone application for feedback to the 
surgeon. Improving initial rotational positioning may also reduce its influence on subsequent 
flexion/extension alignment. 

From a morphological perspective, the presence of prominent peripheral osteophytes 
(common in osteoarthritis), could alter handpiece seating and introduce unintended flexion or 
extension. Clinically, meticulous debridement of osteophytes would ensure the pin mechanism 
captures the intended subchondral topography accurately. Furthermore, the mechanical 
challenge of the drill bit “skiving” on the hard, sclerotic cortical surface of bone when starting to 
drill the hole, could cause the pin to migrate slightly before engaging. Future iterations of the 
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system could include broader stabilizer bases to prevent toggling, varied handpiece sizes to 
accommodate different surgeon ergonomics, and the use of centring sleeves to mitigate drill bit 
migration, although this was not found in this surrogate bone test. 

Whilst existing advanced technologies aim to improve precision, their widespread adoption 
is constrained by significant barriers. For CAS and robotics, these platforms offer high degrees 
of accuracy but impose substantial cost and procedural complexity, which is financially and 
logistically inaccessible to the majority of surgical centres. For PSI, although presenting a 
comparatively cheaper alternative, it is limited by a lack of intraoperative flexibility, locking the 
surgeon into the pre-operative plan. Furthermore there is a lead time for custom 
manufacturing, and may complicate the potential necessity for revision surgery, as the 
implanted components are specific to customised parts.  

The current study, being a pre-clinical evaluation, is subject to several limitations that must 
be considered when interpreting the results. Specifically, testing was performed on three in-
house fabricated surrogate bone models derived from three independent cadaveric CT 
datasets, providing some inter-subject anatomical variation. However, these models do not 
replicate the full range of bone density, soft-tissue constraints, osteophyte morphology, or 
other surgical conditions encountered clinically. These factors may affect device seating and 
surgical pin positioning accuracy and should therefore be evaluated in subsequent cadaveric 
studies. Accordingly, the present study represents a controlled technical validation of guide-pin 
positioning accuracy rather than a comprehensive assessment of robustness across the full 
range of clinical scenarios. 

In addition, the study's participant pool was limited to three experienced biomechanical 
engineers with prior training on the navigation system. This selection ensured a standardised 
assessment of the system's technical capabilities but does not fully represent the varied 
expertise levels, manual dexterity, or clinical decision-making processes of practising 
orthopaedic surgeons. Further evaluation with practising orthopaedic surgeons across 
different levels of experience is therefore required to establish the generalisability of the 
findings. 

Moreover, this study was limited in its scope of outcome evaluation. This study focused 
solely on the accuracy of guide pin placement, which is a measure of one key component of 
successful alignment and not the whole process. Therefore, the extent to which the observed 
surgical pin positioning accuracy translates to final component alignment remains to be 
established. Further work will need to evaluate the accuracy of the resultant bone resections 
performed via the guided jigs and, ultimately, the final stability and mechanical axis of the 
implanted components. Beyond this, patient-reported functional outcomes will need to be 
evaluated, comparing TKA performed with this device, against TKA performed without it. 
Furthermore, no direct comparator group was included in this study, thus, the relative 
performance of the navigation system compared with conventional instrumentation, CAS or PSI 
remains to be established in future comparative studies. 

There are more important steps required before this device can be trialled in patients. The 
first of these should be to evaluate the system in human cadaveric specimens, where 
anatomical variability, soft-tissue constraints, bone quality, osteophytes, and realistic surgical 
exposure can be incorporated. This will allow the robustness of the navigation system to be 
assessed under conditions more representative of clinical TKA. 

5. Conclusion 

This pre-clinical study demonstrated that the smartphone-assisted navigation system 
achieved guide-pin positioning accuracy within the predefined ±3° threshold in the majority of 
trials under controlled surrogate-bone conditions. Direct comparative studies against 
conventional instrumentation and other alignment technologies are required to establish 
relative performance. The next necessary phase of research is the validation in human 
cadaveric specimens with practising orthopaedic surgeons under more clinically 
representative conditions. 
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