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Abstract 
Background: Intraoperative surgical planning tools (ISPTs) used in cur-
rent-generation robotic arm-assisted total knee arthroplasty (RTKA) systems 
(such as Navio® and MAKO®) involve employment of postoperative passive 
joint balancing. This results in improper ligament tension, which may nega-
tively impact joint stability, which, in turn, may adversely affect patient func-
tion after TKA. Methods: A simulation-enhanced ISPT (SEISPT) that pro-
vides insights relating to postoperative active joint mechanics was developed. 
This involved four steps: 1) validation of a multi-body musculoskeletal mod-
el; 2) optimization of the validated model; 3) use of the validated and opti-
mized model to derive knee performance equations (KPEs), which are equa-
tions that relate implant component characteristics to implant component 
biomechanical responses; and 4) optimization of the KPEs with respect to 
these responses. In a proof-of-concept study, KPEs that involved two com- 
ponent biomechanical responses that have been shown to strongly correlate 
with poor proprioception (a common patient complaint post-TKA) were 
used to calculate optimal positions and orientations of the femoral and tibial 
components in the TKA design implanted in one subject (as reported in a 
publicly-available dataset). Results: The differences between the calculated 
implant positions and orientations and the corresponding achieved values for 
the implant components in the subject were not similar to component posi-
tion and orientation errors reported in biomechanical literature studies in-
volving Navio® and MAKO®. Also, we indicate how SEISPT could be incorpo-
rated into the surgical workflow of Navio® with minimal disruption and in-
crease in cost. Conclusion: SEISPT is a plausible alternative to current-gen- 
eration ISPTs. 
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1. Introduction 

Total knee arthroplasty (TKA) is the most widely used surgical option for treat-
ment/management of end-stage osteoarthritis [1] [2]. In some TKA series, pa-
tient dissatisfaction is up to 20% [3] [4], with common complaints being ante-
rior knee pain and compromised proprioception [5] [6] [7] [8]. To address this 
issue, several developments have been introduced, among which is robotic 
arm-assisted TKA (RTKA) [9]-[14]. Available clinical evidence shows that when 
RTKA is used, there is precision of bone preparation, improved accuracy of 
alignment and positioning of implant components, marked reduction in the 
number of outliers in component position and alignment, and reduced intra-
operative malalignment of components [9] [10] [15]. Additionally, compared to 
surgery performed using conventional instrumentation (CI), benefits of RTKA 
include reduced time-to-hospital discharge and decreased episode-of-care cost 
[16] [17] [18]. On the other hand, RTKA has risks, such as loosening or fracture 
of pin trackers; complications, such as pin site infections; and shortcomings, 
such as additional radiation exposure when an image-based platform is used [9]. 
Additionally, unequivocal data on some aspects of RTKA are not currently available, 
examples being operative time, learning curve (especially for low-TKA-volume 
surgeons), and cost-benefit ratio [9] [11].  

In most series, significant increases in various patient outcome measures or 
patient satisfaction in an RTKA group, relative to the corresponding value in the 
CI surgery group, have not been reported [19] [20]. One contributing factor to 
this record is that in both types of surgeries, gap balancing is done in a passive 
state; that is, it is done while the patient is on the operating table under anesthe-
sia [12]. In other words, the influence of active soft tissue forces, and, even, of 
gravity are not considered, which is likely to adversely affect the patient’s func-
tional stability after the arthroplasty [21]. Current technologies that aim to im-
prove soft-tissue tensioning and balancing have shortcomings: with comput-
er-assisted gap balancing systems and intraoperative use of tibial insert sensors 
[22], there is no kinetic feedback because they are used while the patient is in a 
non-weight-bearing state under anesthesia; and, with a robotic-assisted active 
soft-tissue balancing system, there is, as yet, only very limited evaluation (one 
report of a cadaver study [23] and one report of early clinical results) [13]). 
Through a volitional flexion-extension maneuver test at the conclusion of a CI 
TKA, a well-balanced knee experiences an increase of between ~200% and 
~300% in load across the joint under isometric muscular contraction [24]. While 
it is possible to characterize active joint biomechanics using techniques such as 
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mobile fluoroscopy and radiostereometric analysis, they are time-consuming, 
expensive, and expose the patient to radiation [25].  

An intraoperative surgical planning tool, which is an integral part of a RTKA 
system, allows the surgeon to utilize information about the patient’s soft tissues 
to obtain a properly balanced joint replacement. In the process, the knee joint of 
the patient is flexed intraoperatively and the resulting kinematics data are used 
to create a model of the ligaments and tendons. These models provide the 
surgeon with patient-specific soft tissue data with which to plan the surgery and, 
as such, are very important. In spite of that, literature studies on intraoperative 
surgical planning tools for RTKA systems are lacking. There were three purposes 
of the present study. First, to develop a simulation-enhanced intraoperative sur-
gical planning tool (SEISPT) for an RTKA system that can be used to provide the 
surgeon intraoperative feedback relating to the influence of active soft tissue be-
haviors on the operative plan. Second, to demonstrate the plausibility of SEISPT. 
Third, to examine the potential for SEISPT to be used with a current-generation 
RTKA system.  

2. Methods  
2.1. Overview 

SEISPT was developed using results from analysis of a multi-body muscu-
loskeletal model that includes a TKA design [26]. 

Four steps were involved (Figure 1). The first was validation of a multi-body 
musculoskeletal model using knee joint loading data obtained from subjects 
while they performed a common functional activity, namely, level walking. 
These data are contained in publicly-available benchmark datasets (OrthoLoad 
dataset [27] and 2014 SimTK dataset [28]). Second, design-of-experiments 
(DOE) methodology was used to optimize the validated model. Third, the vali-
dated and optimized model, together with the results of DOE studies that cha-
racterized the influence of a number of implant component variables on various 
biomechanical responses of the implant component and results of linear regres-
sion analysis, were used to develop a series of equations designated “knee per-
formance equations” (KPEs). These equations give the relationship between 
model inputs (characteristics of an implant component) and outputs that, in li-
terature studies, have been shown to be strongly and directly correlated with pa-
tient outcomes or complaints post-TKA. These outputs are designated “clinical-
ly-relevant biomechanical responses” (CRBRs). In the fourth step, the KPEs were 
used for optimization with respect to two CRBRs. The proof-of-concept study 
involved using the derived KPEs to compute the optimal position and orienta-
tion of the femoral and tibial components of the TKA design implanted in one 
subject (reported in 2014 SimTK dataset [28]).  

2.2. Validation of Multi-Body Musculoskeletal Model 

The multi-body musculoskeletal model used was one that has detailed soft tissue  
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Figure 1. A schema of the four steps in the development of a simulation-enhanced intra-
operative surgical planning tool for a robotic arm-assisted TKA system. 
 
features surrounding the knee joint (VCTK-Knee®; LifeModeler, Inc., San Cle-
mente, CA, USA). This model can be tailored to patient-specific dimensions uti-
lizing custom scaling (LifeModeler®) [29]. The annual “Grand Challenge to Pre-
dict In Vivo Knee Loads” Competition was first held in 2009 and the latest one 
was held in 2014 [30] [31]. Knee joint loading results used in these competitions 
are available in public datasets. As VCTK-Knee® was originally developed for the 
left knee, subject data from the 2014 Competition (hereafter, this dataset is re-
ferred to as “2014 SimTK dataset”) provided the most recently available data for 
a subject with a left-knee TKA component. As such, in the present study, this 
dataset was used to validate VCTK-Knee®; specifically, data obtained from Sub-
ject PS (male; 1.80 m tall, 75 kg) were used [28]. This dataset contained joint 
loading data obtained from the subject in whom a force-sensing telemetric tibial 
implant component of a TKA had been implanted; specifically, the component 
was equipped with a device comprising four load-sensing elements that meas-
ured axial load, anteroposterior moments, mediolateral moments, and shear 
forces [32]. The height and weight of Subject PS were used to scale pa-
tient-specific VCTK-Knee®. Subject anatomy was further refined by adjusting in-
dividual bone segment lengths based on measurements from the subject’s com-
puted tomography (CT) data. VCTK-Knee® allowed importation of the gait 
analysis marker data as motion agent elements. To account for misalignment 
between real and virtual markers, motion agents were attached to body segments 
(bones) with virtual spring elements, whose stiffness parameters were adjusted 
to achieve the desired kinematics.  

Although results for a large number of joint parameters were provided to the 
Grand Challenge Competition participants, these were not available to workers, 
such as the present ones, who were not competitors; as such, in the present 
study, only joint contact forces and moments were used for model validation. It 
is to be noted that the Grand Challenge Competition was designed to be a 
blinded study, and, as such, gait trials were not accompanied by joint contact 
loading data. However, several other calibration trials with joint contact force 
data and associated kinematics and ground reaction force data were provided. 
Thus, in the present work, in a bid to identify loading pattern similarities, all ca-
libration movement data from Subject PS were compared with gait joint contact 
force data contained in another publicly available dataset in which an instru-
mented tibial component of a TKA design was implanted in subjects after which 
they performed a variety of activities, among which was level walking (OrthoL-
oad dataset [27]). Through this method, the functional movement performed by 
Subject PS that was similar to normal-gait joint load by the Orthoload subjects 

Validation of 
musculoskeletal 

model

Optimization of  
validated 

musculoskeletal 
model  

Derivation of KPEs 
Use of derived KPEs 
to calculate positions 
and orientations  of 
implant components
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was identified. Hereafter, this movement is referred to as the “equivalent func-
tional movement”.  

2.3. Optimization of Validated VCTK Model 

Preliminary analysis of baseline VCTK-Knee® yielded predicted tibiofemoral 
joint (TFJ) contact force magnitude with a mean root-mean-square-error (RMSE) 
of 130% body weight (BW), which was markedly larger than that obtained by the 
2014 Grand Competition winner for Patient PS (mean RMSE = 30% BW) in the 
normal walking trial simulation [33]. As such, DOE methodology was used to 
optimize the validated VCTK-Knee®. Optimal implant component position and 
orientation and soft tissue properties were selected using optimization tools in a 
commercially-available software package (Adams/InsightTM; MSC Corp., Santa 
Ana, CA, USA), with the optimization goal being minimization of RMSE be-
tween predicted and measured TFJ force for Subject PS. RMSE was chosen as the 
metric of optimization because it was used as the basis for deciding the winners 
of each of the Grand Challenge Competitions [30] [31] [33].  

2.4. Development of Knee Performance Equations  

Development of these equations was done using DOE techniques, a decision that 
was guided by the need to use only input factors that could be incorporated into 
a surgical planning tool for a current-generation RTKA system. In the develop-
ment of the KPEs, the criterion used to select the output/response was that each 
output/response is related to factors that have been cited in the literature as 
those that strongly correlated with TKA patient satisfaction scores. To provide 
an advantage over surgical planning tools used in current-generation RTKA sys-
tems, the output/response factor list was further scrutinized to include only fac-
tors that could be influenced by active soft tissue loading. One factor to which 
patient dissatisfaction with TKA has been linked is poor proprioception [8]. The 
KPEs developed in the present study focused on outputs/responses that could 
have a possible effect on proprioception, leading to 11 input factors and 9 out-
comes/responses (Table 1 and Table 2). 

2.5. Multi-Objective Optimization 

A fractional factorial experimental design was devised for the KPE DOE. After 
solving for each of the simulation runs, linear regression was used to develop a 
KPE for each output/response. This set of KPEs was utilized for multi-objective 
optimization using Adams/InsightTM to determine optimal implant component 
position and orientation for which mid-flexion instability parameters (which 
have been directly associated with proprioception [34] [35]) are minimized.  

2.6. Proof-of-Concept Study 

The essence of this study was to compare the implant component positions and 
orientations of the femoral and tibial components of the TKA design that was  
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Table 1. Input factors and deviations of their values for the knee performance equations. 

Knee performance equation input factor 
Deviation from optimized implant component 

position and orientation pose 

Femoral component ML position ±5 mm 

Femoral component AP position ±5 mm 

Femoral component SI position ±5 mm 

Tibial component ML position ±5 mm 

Tibial component AP position ±5 mm 

Tibial component SI position ±5 mm 

Femoral component varus/valgus 
rotation 

±0.05 radian 

Femoral component internal/external  
rotation 

±0.05 radian 

Tibial component varus/valgus 
rotation 

±0.05 radian 

Tibial component internal/ external rotation ±0.05 radian 

Tibial component slope ±0.05 radian 

ML, medial-lateral; AP, anteroposterior; SI, superior-inferior. 
 

Table 2. Influences on the outputs/responses of the knee performance equations. 

Knee performance equation output/response Target influence 

Anterior MCL strain Mid-flexion stability [34] [35] 

Posterior MCL strain Mid-flexion stability [34] [35] 

Anterior LCL strain Mid-flexion stability [34] [35] 

Posterior LCL strain Mid-flexion stability [34] [35] 

Quadriceps angle Anterior knee pain [5] 

Quadriceps force Anterior knee pain [6] 

Patellofemoral contact force Anterior knee pain [7]  

Tibial implant force Implant longevity [36] 

Tibiofemoral joint contact force Joint balance [37] 

MCL, medial collateral ligament; LCL, lateral collateral ligament. 
 

implanted in Subject PS using CI surgery (“achieved passive surgical value”) to 
corresponding values calculated using SEISPT (“conceptual active surgical plan 
value”). The positions and orientations of the femoral and tibial components 
were provided for Subject PS in the 2014 SimTK dataset; as such, these mea-
surements were used as the achieved passive surgical values. Optimization of the 
KPEs was used to determine the positions and orientations of the femoral and 
tibial implant components of a TKA design that minimize the MCL and LCL 
strains to clinically normal levels, which were then used as the conceptual active 
surgical plan values. An additional optimization objective, which was to match 
the TFJ contact force results provided in the 2014 SimTK dataset, was imposed. 
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This ensured that use of the conceptual active surgical plan resulted in physio-
logically-relevant loading and clinically-acceptable implant component positions 
and orientations.  

To compare final implant component positions and orientations, a shared 
coordinate reference frame was created for the bone and the implant component 
models utilizing a commercially-available software package (Geomagic Studio®; 
3D Systems, Rock Hill, SC, USA). Bone and implant component models for Pa-
tient PS (2014 SimTK) were imported into Geomagic Studio® and, then, a cus-
tom-written Matlab® script was used to determine the positional transform be-
tween the bone and implant component models. Likewise, bone and implant 
component models were exported from the musculoskeletal model (optimized 
VCTK-Knee®). The KPE was used to position the implant component relative to 
the bone in optimized VCTK-Knee®. Geomagic Studio® was also used to examine 
the difference between 1) the achieved passive surgical value for the position of 
an implant component and the corresponding conceptual active surgical plan 
value; and 2) the achieved passive surgical value for the orientation of an implant 
component and the corresponding conceptual active surgical plan value.  

3. Results 

Although the time scales for the single-leg stance by Subject PS (2014 SimTK 
dataset) and a single-gait phase by the subjects in the OrthoLoad dataset are dif-
ferent, the two load curves are qualitatively similar (Figure 2). Therefore, simu-
lation models constructed with optimized VCTK-Knee® using single-leg stance 
kinematics and ground force data for Patient PS are plausible. 

Comparisons of the TFJ joint force and moment predicted using optimized 
VCTK-Knee® and experimentally obtained for Subject PS during single-leg 
stance show that during the early part of the cycle (0.3 s - 0.8 s), the two sets of 
force results are very close but, after that, the model either underestimates or 
overestimates the experimentally-obtained results (Figure 3). RMSE for TFJ 
contact load was substantially reduced when optimized VCTK-Knee® was used, 
from 130% BW to 84% BW. RMSE for TFJ contact moment was substantially 
reduced when optimized VCTK-Knee® was used, from 13.11 Nm to 7.63 Nm. 
For single-leg stance movement, the most highly correlated KPEs using opti-
mized VCTK-Knee® were those for quadriceps force (Pearson’s product-moment 
correlation coefficient (R2) = 0.85), medial compartment rollback (R2 = 0.79), 
lateral compartment rollback (R2 = 0.79), Bundle 2 LCL strain (R2 = 0.79), and 
Bundle 3 MCL strain (R2 = 0.76).  

In the proof-of-concept study, the determined optimal positions and orienta-
tions of the femoral and tibial components of the TKA design implanted in Sub-
ject PS (“conceptual active surgical plan values”) are given in Table 3, together 
with the actual positions and orientations of the implant components in the 
TKA implanted in that subject (as reported in 2014 SimTK dataset) (“achieved 
passive surgical values”). 
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Figure 2. Comparison of tibiofemoral joint contact force in OrthoLoad da-
taset (single-gait phase) [27] (a) and in 2014 SimTK dataset (single-leg 
stance) (Subject PS) [28] (b).  

 

 

Figure 3. Variation with time of tibiofemoral joint contact force (a) and 
moment (b) for single-leg stance: optimized VCTK-Knee® simulation model 
results versus 2014 SimTK dataset results (Subject PS) [28].  
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Table 3. TKA component position and orientation data comparing results achieved for 
Subject PS using a conventional instrumentation surgical method (gray) and results cal-
culated for Subject PS using output from application of the conceptual active surgical 
plan (SEISPT) (blue). For comparison, component position and orientation errors re-
ported by Jaramaz et al. [38] and by Hampp et al. [39] are included. 

Femoral  
component  
position and 
orientation 

Difference (achieved  
using conventional  
instrumentation surgery vs. 
calculated using conceptual 
active surgical plan (SEISPT) 

RMSE 
with Navio® 
Surgical  
System 
[38] 

Robotic implant 
alignment  
accuracy error 
(median ± std. 
dev.) [39] 

 

Medial-lateral 4.23 mm NS NS 

 

Anterior-posterior 4.10 mm 1.46 mm NS 

Superior-inferior 6.73 mm 0.86 mm NS 

Flexion-extension 0.18˚ 2.18˚ 0.6˚ ± 0.5˚ 

Varus-valgus 3.73˚ 0.71˚ 0.6˚ ± 0.3˚ 

Internal-external 3.98˚ 0.69˚ 0.8˚ ± 0.5˚ 

Tibial component 
position and 
orientation 

Difference (achieved using 
conventional  
instrumentation surgery vs. 
calculated using conceptual 
active surgical plan (SEISPT) 

RMSE with  
Navio®  
Surgical  
System 
[38] 

Robotic  
implant alignment 
accuracy error 
(median ± std. 
dev.) [39] 

 

Medial-lateral 3.68 mm 1.29 mm NS 

 

Anterior-posterior 1.26 mm 0.79 mm NS 

Superior-inferior 7.60 mm 0.68 mm NS 

Flexion-extension 1.58˚ 0.88˚ 1.1˚ ± 1.6˚ 

Varus-valgus 2.45˚ 0.69˚ 0.9˚ ± 0.4˚ 

Internal-external 3.20˚ 2.21˚ NS 

Conventional instrumentation surgery: standard mid-vastus approach [40]. Root mean squared error 
(RMSE) = (component position/orientation achieved using Navio®—component position/orientation 
planned using Navio®). NS, result not stated in the report. Accuracy error = (component posi-
tion/orientation planned using MAKO®—component position/orientation planned using MAKO®). 

4. Discussion 

Performance of Musculoskeletal Model 
Using optimized VCTK-Knee®, predicted TFJ contact force was higher than 

that obtained by the winner of the 2014 Grand Challenge Competition (using 
2014 SimTK dataset [28]) (mean RMSE = 84% BW versus 30% BW [28]). This 
discrepancy could be attributed to four issues. First, VCTK-Knee® was developed 
by utilizing a scaled skeletal model, instead of the exact bone anatomies provided 
in the 2014 SimTK dataset. This approach was necessary for this application so 
that body measurements (height, weight, and limb length) could be paramete-
rized and included in embodiments of the KPEs. Compared to CT-derived mod-
els, the scaled femur and tibia models were 35 mm and 19 mm undersized, re-
spectively. Improper scaling of the bone models could have resulted in inaccu-
rate placement of the gait marker relative to the patient bone model. When 
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musculoskeletal simulation models are used, marker position accuracy exerts a 
strong influence on the accuracy of the simulations [41]. Although, in the soft-
ware package employed, use of motion agents offsets the effect of gait marker 
inaccuracies, the magnitude of this impact was not quantified. Second, an equiv-
alent functional movement, rather than an actual experimentally-obtained 
functional movement, was used. Third, there is some uncertainty in some of 
the subject-specific model parameters, a perennial challenge with musculoske-
letal modeling [42]. Fourth, there is some uncertainty about how the optimiza-
tion criteria, contained in the software package employed, were used to predict 
the muscle activation pattern. Notwithstanding the aforementioned discre-
pancy, it is worth pointing out that the TFJ joint contact loading profiles ob-
tained using optimized VCTK-Knee® were qualitatively similar to those in the 
2014 SimTK dataset (R2 for force magnitude and moment magnitude = 0.84 and 
0.69, respectively).  

Performance of SEISPT 
The literature on errors in component position/orientation when an RTKA 

system is used (error being defined as difference in component position/orientation 
achieved with an RTKA system and component position/orientation planned 
with the RTKA system) is very sparse [38] [39]. By this definition, the present 
results given in Table 3 (that is, difference between achieved component posi-
tion/orientation using CI surgery and component position/orientation calcu-
lated using SEISPT) are not RTKA system errors, but, rather, notional errors. 
Nonetheless, it is instructive to note that these notional errors are noticeably 
different from 1) the RTKA system errors reported by Jaramaz et al. [38]; and 2) 
the means and standard deviations reported by Hampp et al. [39] (Table 3). This 
statement is made in full awareness of the fact that neither of these two refe-
renced studies was a clinical investigation; specifically, in the Jaramaz et al. study 
[38], Navio was used in the implantation of a state-of-the-art TKA design 
(Journey II® XR; Smith & Nephew, Memphis, TN, USA) in cadaver knees and 
synthetic bone specimens and, in the Hampp et al. study [39], MAKO® was used 
in the implantation of an unspecified TKA design in cadaver knees. Nonetheless, 
when all is considered, the present results (Table 3) suggest that SEISPT may be 
a plausible alternative planning tool in the sense that the implant component 
position and orientation obtained by using it are different from the errors re-
ported in the aforementioned biomechanical studies in which the two most- 
widely used current-generation RTKA systems were used. 

Feasibility of SEISPT 
The feasibility of using SEISPT as part of an RTKA system is discussed from 

three perspectives. It is worth noting that current-generation RTKA systems 
feature either preoperative planning or intraoperative planning. With intraoper-
ative planning, the surgeon characterizes the anatomy of the patient while he/she 
is on the operating table. This imposes a time constraint on the planning be-
cause, among other considerations, the risk for surgery-acquired infection in-
creases with increase of time on the operating table [43].  
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The first perspective is that if SEISPT is to be considered for use in intraoper-
ative surgery planning, it must be time-efficient; that is, the time to deploy it 
should be comparable to or, better still, shorter than time spent when intraoper-
ative surgical planning tools used in current-generation RTKA systems are em-
ployed. The key to the time-efficiency of SEISPT is the optimization procedure 
that culminates in the generation of the KPEs, which, in turn, are used to com-
pute a series of model output responses. DOE and linear regression allowed for 
the characterization of hundreds of simulation runs in a single linear equation. 
Optimization of the KPEs does not require sophisticated computer hardware or 
software package(s) and can be achieved in a very short time (on the order of 
seconds).  

The second perspective is the question of the ease with which SEISPT could be 
used with current-generation RTKA systems. It is envisaged that a common set 
of patient-specific input factors would be utilized for each set of KPEs. These va-
riables would be populated in the patient characterization steps and the only ad-
ditional information provided to the system would be patient biometric charac-
teristics, such as age, height, and weight. Other patient-specific data are already 
being recorded to deform the patient-specific anatomical model [44]. Implant 
component sizing would be done by examining the size of the bone model, as is 
done in current RTKA surgery practice. Once an implant component size is se-
lected, the corresponding KPE set would be generated, a process that, with the 
capabilities of current computing systems, would be completed on the order of 
seconds. Then, the KPE set would be used to generate visual informatics displays 
that guide final implant component position and orientation. The use of visual 
informatics displays to communicate KPE results to the surgeon is especially at-
tractive because it allows the surgeon to choose which parameters are given 
priority. For example, for a particular patient, restoration of proper patellar ki-
nematics may be more important than ligament balancing. In that case, the 
surgeon can focus on the patellar surface response map to achieve initial posi-
tioning of the implant component, and, then, modify the position using the li-
gament balancing surface response map.  

The third perspective is the question of the effect of incorporating a new tool 
on the surgical workflow when a current-generation RTKA system is used. 
SEISPT could easily be deployed on any current-generation RTKA system. To 
illustrate this point, schematic drawings of the surgical workflow for Navio® and 
the proposed surgical workflow for that same system but with SEIST incorpo-
rated are presented in Figure 4(a) and Figure 4(b), respectively. As shown (with 
highlighted items in Figure 4(b)), there are only very small differences between 
the proposed and existing surgical workflows and, as such, utilization of the 
workflow plan with SEISPT could be achieved with minimal disruption and, 
hence, minimal adverse effect on surgery time and cost.  

Study Limitations 
We recognize five limitations of the study.  
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(a) 

 
(b) 

Figure 4. Schematic diagram of workflow for intraoperative surgical planning used with a 
current-generation robotic arm-assisted total knee arthroplasty system (Navio®) [14] (a) 
and with incorporation of the proposed simulation-enhanced intraoperative surgical 
planning tool (SEISPT) (b). In (b), steps unique to the incorporation of SEISPT are hig-
hlighted in red.  

 
First, there were four shortcomings in some aspects of the musculoskeletal 

model validation work. One, data from only one subject were used. This is a 
common shortcoming of studies on validation of musculoskeletal models [45]. 
Two, the present validation was carried out using one generic multi-body mus-
culoskeletal model, but it is known that for a given functional activity, TFJ con-
tact force predictions show marked variation with the model used [46]. Three, 
data from two different datasets were used in the validation (OrthoLoad [27] 
and 2014 SimTK [28] datasets). This was necessitated by the fact that the normal 
gait data in 2014 SimTK dataset were not available to researchers, such as the 
present ones, who did not participate in the Grand Challenge Competition. 
Thus, a loading profile in 2014 SimTK dataset that was similar to that of normal 
gait profile in another dataset (OrthoLoad) had to be derived. Four, muscle acti-
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vation, which plays a key role in femoro-tibial kinematics [47], was not taken 
into account in the simulation. It is possible that the third- and fourth-mentioned 
shortcomings are particularly important in terms of the errors in the computed 
TFJ force and moment. With regard to this finding, it is worth pointing out that 
the present study was not a musculoskeletal model simulation work per se; ra-
ther, the work was performed to provide results for use in the development of 
SEISPT.  

The second limitation is that in determining the optimal component position 
and orientation, KPEs that addressed ligament strains were used. Thus, in effect, 
the surgical plan presented in the present work aims to ensure that, in the post-
operative period, the patient does not experience poor proprioception. However, 
it is understood that determining the optimal implant component position and 
orientation is a multi-factorial problem that requires a patient-specific solution. 
In other words, development of a surgical plan must, itself, be multi-factorial. 
This means that ligament behavior is one of myriad parameters that should be 
considered, some others being restoration of tibiofemoral alignment and resto-
ration of proper kinematic function. For example, a patient who is at risk for 
post-operative instability may have a different optimal implant component posi-
tion than one who is at risk for anterior knee pain.  

The third limitation is that in the development of the KPEs, more runs could 
have been added to the experimental design or a higher-order regression could 
have been utilized. However, each of these approaches has its shortcoming: 
longer processing time (former approach) and increased computational burden 
(latter approach). As the ultimate use of the KPEs was to calculate the optimal 
position and orientation of implant components, linear equations were used be-
cause this approach provided the best balance between long processing time and 
high computational burden.  

The fourth limitation is that the KPE fits could be improved through the use 
of various transform methodologies, but different transform variants would be 
required to maximize fits for different KPEs. Thus, the complexity and compu-
tational burden associated with improving the fits through data manipulation 
would be impractical to implement on a large scale. 

The fifth limitation is that the results of the proof-of-concept study were 
compared to those given in biomechanical studies. This was because there are no 
reports in the clinical literature on the accuracy of component position/orientation 
when an RTKA system is used. 

5. Conclusions 

Three conclusions were reached, which may be summarized as follows: 
First, a simulation-enhanced intraoperative surgical planning tool that may be 

used in a current-generation RTKA system (SEISPT) was developed. This was 
achieved by utilizing four steps involving a variety of mathematical techniques, 
such as design-of-experiments, linear regression, and multi-parameter optimiza-
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tion. 
Second, a proof-of-concept study was conducted in which the achieved posi-

tions and orientations of the femoral and tibial components of the TKA design 
implanted in Subject PS (2014 SimTK dataset) were compared to corresponding 
values obtained through the use of SEISPT. The optimization objectives were set 
to position and orient the femoral and tibial components to minimize collateral 
ligament strains while maintaining a physiologically relevant patellofemoral 
joint contact force. For a given component, the difference in the aforementioned 
two sets of results was noticeably different from that between achieved and 
planned results when a current-generation RTKA system (Navio®) was used in a 
biomechanical test. This suggests that SEISPT, a tool developed using active 
joint mechanics, may be a plausible alternative to intraoperative surgical plan-
ning tools used in current-generation RTKA systems. 

Third, three features of SEISPT that point to its feasibility and potential for 
clinical use are highlighted; in particular, it was shown how incorporation of 
SEISPT into Navio® could be accomplished with minimal disruption and, hence, 
minimal increase in operative time and cost. In terms of future work, SEISPT 
should be evaluated in prospective multi-center clinical studies involving Navio® 
as well as other RTKA systems.  
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