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Background: Although the utility of robotic surgery has already been proven in cadaveric studies, it is our

hypothesis that this newly designed robotically assisted system will achieve a high level of accuracy for

bone resection. Therefore, we aimed to analyze in a cadaveric study the accuracy to achieve targeted

angles and resection thickness.

Methods: For this study, 15 frozen cadaveric specimens (30 knees) were used. In this study, Zimmer

Biomet (Warsaw, IN) knees, navigation system, and robot (ROSA Knee System; Zimmer Biomet) were

used. Eight trained, board-certified orthopedic surgeons performed robotically assisted total knee

arthroplasty implantation using the same robotic protocol with 3 different implant designs. The target

angles obtained from the intraoperative planning were then compared to the angles of the bone cuts

performed using the robotic system and measured with the computer-assisted system considered to be

the gold standard. For each bone cut the resection thickness was measured 3 times by 2 different ob-

servers and compared to the values for the planned resections.

Results: All angle mean differences were below 1� and standard deviations below 1�. For all 6 angles, the

mean differences between the target angle and the measured values were not significantly different from

0 except for the femoral flexion angle which had a mean difference of 0.95�. The mean hip-knee-ankle

axis difference was �0.03�
± 0.87�. All resection mean differences were below 0.7 mm and standard

deviations below 1.1mm.

Conclusion: Despite the fact that this study was funded by Zimmer Biomet and only used Zimmer Biomet

implants, robot, and navigation tools, the results of our in vitro study demonstrated that surgeons using

this new surgical robot in total knee arthroplasty can perform highly accurate bone cuts to achieve the

planned angles and resection thickness as measured using conventional navigation.

The analysis of the total knee arthroplasty (TKA) demonstrates

that up to 20% of the patients are not satisfied with their knee

function after TKA [1]. Pain, instability, and limitation of the range of

motion are the most commonly reported symptoms among unsat-

isfied patients [1,2]. Inadequate alignment and gap balancing have

been implicated as major potential causes of these limitations [2,3].

During the last decade, the philosophy of restoring a neutral me-

chanical axis to the surgical limb, associated with performing

extensive soft tissue releases, has been questioned [4e6]. Although

most surgeons are still aiming for restoration of strict neutral limb

alignment, alternative concepts of alignment have been proposed,

such as preservation of a more anatomical alignment [4e6]. These

techniques are purportedly associated with less need to perform

extensive ligament releases [4e6]. As standard mechanical instru-

mentation might not be accurate enough to achieve either of these,
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perfect neutral alignment or specific anatomic alignment, tools such

as computer-assisted surgery, patient-specific instrumentation

(PSI), and more recently robotic-assisted TKA have been introduced

[7]. Different robot systems for performing TKA are now available

[7]. They requirepreoperative computed tomography (CT) scans and

incorporate different end effectors from burrs to haptic saws, with

potential advantages and drawbacks for each technology [7]. A

different and recently introduced robotic-arm system that in-

corporates robotic placement of the cutting jigs and dynamic liga-

ment balance evaluation has been developed. This system can be

considered as a collaborative robotic system where the robot is

holding and placing the cutting jig, while the surgeon is in full

control of sawing through the jig. This system is different compared

to the other systems available on the market such as the haptic arm

keeping the surgeons in limited boundaries. This system is also

different from the milling robotic systems available on the market,

either based on a passive mode (ie, the robot is not doing the action

but the surgeon is actively involved in the surgical process holding

the robotic milling device that is retracting when reaching the

boundaries) or based on an active mode robotic milling type of de-

vice where the surgeon is not involved at all during the milling

process, the robot being active anddoing themilling process [7]. The

guiding principles of this system are simplicity; preservation of the

natural surgical flow; minimization of extra-time related to robotic

surgery as observed in alternative systems; and achieving high

levels of accuracy for specific angular and resection thickness tar-

gets. This study was designed to simulate the in vivo capabilities of

this new robotic system and analyze the accuracy of this system to

performplannedbone cuts. The goal of this study is todetermine the

accuracy of the bone cuts made using this newly designed roboti-

cally assisted robotic system for TKA. Therefore, we analyzed in a

cadaveric study the accuracy relative to target angles for the

following measures: hip-knee-ankle axis (HKA), tibial cut (frontal

and sagittal), femoral cut (frontal and sagittal) as measured using a

validated computer-assisted navigation system. We also measured

the accuracy relative to target resection thickness values for the

following bone cuts: tibial resection (medial and lateral tibial pla-

teaus), and distal and posterior femoral condylar resections, as

measured using a validated caliper.

Materials and Methods

For this study, 15 frozen cadaveric specimens (30 knees) were

used. Themean age at the time of deathwas 78.7 ± 11.1 years with a

mean body mass index of 22.7 kg/m2. Nine of the 15 cadavers were

females. Eight trained, board-certified orthopedic surgeons were

involved in the cadaveric evaluation. All the surgeons involved in

the study were knee arthroplasty specialists with at least 5 years of

practice and performing more than 100 knee arthroplasties per

year. All the surgeons were familiar with the knee system used in

the study. However, as the experience of these surgeons using

smart tools was different, all the surgeons involved in the study

received the same standardized training for the ROSA Knee plat-

form. This training included a theoretical training on the features of

the system, the practice of what they learned on 3 TKAs performed

on sawbones and 2 TKAs performed on cadavers before starting the

study. For the study, each of them performed either 4 knees (for 6

surgeons) or 3 knees (for 2 surgeons). Three different implant de-

signs (Persona, Zimmer Biomet, Warsaw, IN; NexGen, Zimmer

Biomet; Vanguard, Zimmer Biomet) were used to avoid any implant

selection bias. For each knee, the same robotic protocol was used

(ROSA Knee System; Zimmer Biomet). Using the system’s imageless

mode, coordinate systems were generated from landmarks taken

on the femur and tibia after arthrotomy. An intraoperative planwas

determined, and bone resections were then performed. As

described later in the manuscript, to standardize the protocol, the

intraoperative plan aimed to restore the neutral mechanical axis

(tibia 90� and femur 90�) for all the knees and resections were

performed aiming for a 10-mm polyethylene. The target angles

obtained from the intraoperative plan were then measured and

compared to the bone cuts performed with the robotic system as

measured with a validated computer-assisted navigation system

(ORTHOsoft; Zimmer Biomet) considered to be the gold standard as

previously published [8,9]. For each bone cut the resection thick-

ness was measured using a caliper 3 times by 2 different observers

and compared to the values given to the planned resections [10].

Robotic Procedure

For each cadaveric knee, 2 rigid body trackers (one on the femur

and one on the tibia) were implanted. The robot was calibrated. The

registrationof the femoral and tibial landmarkswas thenperformed.

Following this step, intraoperative planning was performed by each

surgeon, using the dedicated software, to determine the ideal

resection thickness and angle to obtain a balanced andwell-aligned

TKA, following the basic principles of TKA [2] (Fig.1). To standardize

the procedure the target HKA was 180�, with 90� for both the tibia

and femoral coronal angles. The targeted femoral flexion angle

(sagittal position of the femoral implant defined as the angle be-

tween the implant and the line crossing the center of the knee and

the center of the hip in a 3-dimensional coordinate system) was 3�

and the tibial slope was adapted to the type of implant (from 3� to

7�). All the planned values for both the angles and the resection

thickness were recorded. ROSA Knee was then used to perform the

distal femoral cut first immediately followed by the tibial cut. The

principle of ROSA Knee surgery is simple: the robotic arm positions

and holds the universal cutting jig in the desired location as deter-

mined by the surgical plan. Once the cutting jig is set in the correct

position it is pinned to the bone and the surgeon then performs the

cuts (Fig. 2). Once the distal femoral and proximal tibial cuts were

performed, the robotic arm returned to its resting position and the

extension space was evaluated and final planning was optimized.

The robotic armwas then used to position the drilling holes for the

dedicated classic 4-in-1 anterior-posterior cutting jig that sets the

anterior-posterior position and rotation of the femoral component.

Next, the 4 remaining femoral cuts were performed and the flexion

space was evaluated. Final steps of the procedure were then per-

formed using standard instrumentation for the preparation of the

tibial metaphysis and the patella. Trial implants were then inserted,

and themechanical axis of the legwas recorded for comparisonwith

the operative plan.

Navigation and Angle Measurement

In this study, cuts were made with ROSA Knee and values were

measuredwith theORTHOsoftTotalKneeNavigationsystem(Zimmer

Biomet) [8,9]. The average accuracy of this infrared camera-based

imageless navigation system has been reported to be within 1 mm

for the resection thickness and 0.4� for anglemeasurement [8,9]. The

same rigid bodies were used for both the ROSA Knee procedure and

the navigationmeasurements. For the navigationmeasurements, the

usual registration processwas performed immediately after the bone

registration procedure for ROSA Knee was completed. For each bone

cut, ahandheldvalidation toolwasplacedonthecuts inorder toverify

and record alignment in the sagittal and coronal planes. This tool is

dedicated to the measurement of each of the bone cuts (particularly

the distal femoral resection and the tibial cut) made of a flat surface

using a navigation tracker and handled by the surgeon who is

applying the flat surface of the tool onto the flat surface of the cut

made. This tool has been validated in previous studies [8,9]. The



computer system then calculated the discrepancy between the

planned cut (depth, frontal, and sagittal angles) compared to the cut

performed using the robotic system.

Measurement of Resection Thickness

After performing each cut using ROSA Knee, the thickness of the

resected bone was measured using a dedicated caliper [10]. Each

cut wasmeasured 3 times by 2 different independent observers. For

each cadaver, the thickness of the following cuts was measured:

medial and lateral tibial plateau, medial and distal condyles,

posterolateral and posteromedial cuts of the femur.

Statistical Analysis

To confirm the reliability of the measurements, interobserver

and intraobserver comparisons of resection measurements at 2

different time points were performed with use of the method of

Bland and Altman on 40 randomly chosen samples from the study

[11]. For these 40 samples, the intraobserver and interobserver

measurement errors were <0.5 mm for all of the analyzed re-

sections. The values measured with ROSA Knee and with the nav-

igation system were compared to the target values recorded in the

surgical plan to evaluate the capacity to execute the plan using a

previously described method [8,9]. After checking for data

normality, descriptive statistics (mean, standard deviation, and

range) were calculated. Dedicated t-test for paired samples was

used to compare the difference between the target values and the

measured values considering the navigation system as the gold

standard. The proportion of differences within ±1� and ±2� was

calculated for the alignment values. Similarly, the proportion of

differences within ±1 mm and ±2 mm was calculated for the

resection thicknesses. Prediction intervals for a single future mea-

surement were also calculated to identify the range of values where

the planned values and the measured values would likely fall

within. Confidence intervals of 95% were set a priori for both the t-

test and the 99% prediction interval. Statistical significance was set

at P < .05 for all statistical tests. All statistics were performed using

SPSS software version 21 (SPSS Inc., Chicago, IL).

Results

For all 30 specimens, the differences between the target angles

and measured angles (computed as described above) were shown

to follow a normal distribution, of sufficient sample size and are

reproduced on Table 1. In all cases, the mean differences are below

Fig. 1. Following this step, intraoperative planning was performed by each surgeon, using the dedicated software, to determine the ideal resection thickness and angle to obtain a

balanced and well-aligned TKA.

Fig. 2. The principle of ROSA Knee surgery is simple: the Robotic arm positions and

holds the universal cutting jig in the desired location as determined by the surgical

plan. Once the cutting jig is set in the correct position it is pinned to the bone and the

surgeon then performs the cuts.



1� and the standard deviation is less than 1�. Except for the femoral

sagittal angle difference, the mean differences between the plan-

ned angles and the measured values were close to 0 and not

significantly different from 0. The femoral sagittal angle mean

difference was �0.95� (Table 1).

For each 30 specimens, 6 different resection measurements were

taken and the differences between the target resection and the

measured resection were computed as described above. The mea-

sureswere shownto followanormaldistribution, of sufficient sample

size and are reproduced on Table 2. In all cases, the mean difference

wasbelow1mmand the standarddeviationwas less than1.1mm. For

all but 2 measurements, the mean difference between the planned

andmeasured resection thicknesswasnot significantly different from

0. A statistically significant mean difference of 0.3 mmwas observed

for the distal femoral condyle and 0.66 mm for the medial tibial

plateau. (Table2). In all cases, the standarddeviationwasbelow1mm.

Discussion

A different and recently introduced robotic system based on the

use of a robotic-arm to assist the surgeon during TKA to perform

bone cuts has been developed. This system can be considered as a

collaborative robotic system (cobot) where the robot is positioning

and holding the cutting jigs, while the surgeon performs the cuts

using a conventional saw. It is our hypothesis for this study that this

newly designed robotically assisted system would achieve a high

level of accuracy (within a mean error of 1� for angular values and

within a mean error of 1 mm for resection thickness values). The

results of our study demonstrated that the cuts performed using

ROSA Knee were very accurate relative to plan. Regarding the

resection angles there were no significant differences observed

between the planned and the measured values, except for femoral

flexion that had a mean difference of �0.95�. For the resection

thickness values, no differences were observed except for the distal

medial femoral and medial proximal tibial cuts. The HKA mean

difference was computed at �0.03� ± 0.87�.

Several limitations in our study should be outlined: First, this

study is supported by Zimmer Biomet and exclusively used Zimmer

Biomet implants and navigation system for the testing of the ac-

curacy. Only Zimmer Biomet implants were used as the robotic

platform is not an open platform, rather it was designed for use

only with Zimmer Biomet implants. The navigation system used for

the validation of the angles has been validated in the past and the

methodology used in previous study for the validation of smart

tools [8e10]. Second, we did not complete the cementation of the

implant and we did not perform any final 3-dimensional evaluation

using CT scan. Our study was however designed to evaluate the

accuracy of the cuts compared to plan. To remove the potential

error related to the cementation, we decided to follow a previously

published method (based on navigation and direct caliper mea-

surement) [8e10]. This method offers the advantage of measuring

directly the values of the cuts and the resection thickness [8e10].

The third limitation of our study is related to the absence of mea-

surement of the rotational alignment of the implants. Limited ac-

curacy for the navigation systems concerning the rotation

measurement has been described in the literature with up to 6� of

error related to interindividual and intraindividual variations dur-

ing the palpation of the epicondyles and analysis of the rotation

would have required a different study design potentially less

adapted to the validation of our hypothesis focusing on the accu-

racy of bony resection [12]. In fact, wewould have needed a CT scan

to validate the rotation after implantation of the final implants.

That would have introduced a potential bias related to either the

impaction of the implant for a cementless implant or the quality of

the cementation for a cemented implant. Therefore, we limited our

goal to one objective only: the accuracy of the bone cut. Despite this

limitation, the accuracy of the resection of the posterior condyles

was measured and the accuracy confirmed which mean that once

properly defined and planned, the robot will help us to reach the

targeted rotation.

The fourth limitation is related to the in vitro design of the study.

The cadavers had no known significant osteoarthritis and errors are

less likely with normally aligned cadavers, as opposed to the

deformed legs of clinical cases where the bone quality was very

poor and the ligament tensionwas hardly comparable to an in vivo

situation. Statistically, if larger numbers of cadavers were done, it is

Table 1

Difference Between the Targeted Angles and the Angles Measured With the Optical Navigation System (ORTHOsoft, Zimmer Biomet, IN).

Angles Mean ± SD RMS P Value Range (�) % Within 3� % Within 2� % Within 1� 99% PI

Femoral

Coronal 0.03 ± 0.51 0.5 .71 �1.1, 1.5 100 100 93 �1.7, 1.7

Sagittal �0.95 ± 0.88 1.29 <.00 �3.4, 0.6 97 87 63 �3.9, 2.0

Tibial

Coronal �0.06 ± 0.69 0.68 .62 �1.1, 1.7 100 100 87 �2.4, 2.2

Slope 0.20 ± 0.84 0.84 .2 �1.3, 1.7 100 100 73 �2.6, 3.0

Global

HKA �0.03 ± 0.87 0.85 .86 �2.3, 1.6 100 97 73 �2.9, 2.9

SD, standard deviation; HKA, hip-knee-ankle angle; RMS, root mean square; PI, predictive intervals.

Table 2

Difference Between Planned Bone Resections and Bone Resections Measured With the Caliper.

Parameters Mean ± SD P Value Range (mm) % Within 2 mm % Within 1 mm 99% PI

Femoral

Medial distal 0.35 ± 0.84 .03 �1.8, 2.5 97 80 �2.5, 3.2

Lateral distal 0.06 ± 0.86 .71 �1.9, 2.5 97 83 �2.8, 2.9

Medial posterior 0.23 ± 0.93 .21 �1.6, 2.4 93 75 �2.9, 3.4

Lateral posterior �0.05 ± 0.76 .71 �1.9, 1.3 100 82 �2.6, 2.5

Tibial

Medial plateau 0.66 ± 0.64 <.00 �0.6, 1.7 100 63 �1.5, 2.8

Lateral plateau 0.15 ± 1.08 .46 �3.4, 1.8 93 73 �3.5, 3.8

SD, standard deviation; PI, prediction interval.



likely that some would be found with errors. A fifth limitation

comes from our measuring equipment. Using today’s gold standard

in navigation technology, our measurement resolution depends on

the documented performance of the optical navigation system, as

mentioned earlier, with an angular accuracy of 0.4� and a size ac-

curacy of 1 mm [8,9]. As seen in both tables, our mean differences

correlate well with the accuracy of our measurement tool. Last but

not the least, the ligament laxity was not assessed as the goal of the

study was only to analyze the accuracy of the robot to achieve the

planned bone cut resection targets. Despite these limitations, this

study can be considered as a first step in the validation process of

this system and in the demonstration of its accuracy.

Todate, there are limitedpublished studies evaluating the results

of the accuracy of robotically assisted TKA. The first study reported

results of a robotically assisted TKA using a navigated burr [13]. Two

techniques were used in this prior study: for 4 of 18 cadavers, the

burr was used for the entire procedure and all the bone cuts were

performed with the burr; for the remaining 14 cadavers, the burr

was used todrill holes for the jigs, the jigswere applied, and then the

cuts were performed like in a conventional technique using a stan-

dard saw [13]. The results showed that errors ranged from 0.6 to 2.4

mm or degrees for the femoral and tibial implants, with the higher

errors observed for femoral flexion [13]. This higher risk of error for

the femoral flexionwas also observed in our study. The authors did

not report the root mean square errors nor any prediction intervals;

direct comparisons with our study are therefore limited [13].

Furthermore, the number of knees used was not sufficient to reach

any level of significance [13]. Another publication reported a

cadaveric study comparing TKA implanted on cadaverswith either a

robotic-arm technique or a conventional instrument system [14]. In

that comparative study, a single surgeonperformed robotic-assisted

or conventional instrument TKA on one leg each of 6 cadavers, for a

total of 6 of each type [14]. A variety of femoral and tibial angular

measures generally revealed significantly reduced bone cutting er-

rors for the robotic-assisted group [14]. Unfortunately, no measures

of planned vs achieved resection thicknesses were provided in that

paper [14]. Study design and reporting differences make direct

comparisons to the current work difficult, however, bone cut error

variances in that report appear generallyconsistentwith our current

findings [14]. An analysis of the resections was not directly per-

formed [14]. Rather, the authors evaluated the accuracy of the ro-

botic technique bycomparing the position of the trials relative to the

plan [14]. Consequently, the different study design limits a direct

comparison with our study [14].

The analysis of the amount of resection has however been per-

formed in previous navigation studies [10] and PSI studies [8,9]. The

results of our study demonstrate that higher levels of accuracy can

be achieved with robotic surgery compared to navigation

[8e10,15,16]. The differences observed might be explained by the

fact that the robot, while optimizing the jig placement according to

the surgical plan, is following any potential movement of the leg

during the optimal placement of the jig. The jig is thenpinned to the

boneby the surgeonand the robot is locked inplace. This sequence is

creating an extremely solid constructwith nomicro-mobilitywhich

opposes to conventional navigation, where the surgeon has to hold

the jigs, trying to reach the predefined targets and having to adjust

for any potential movement of the leg during the pinning process.

The potential improvement in terms of accuracy, particularly in the

sagittal plane for the tibia, might be explained by the coplanarity of

the cut and the ideal adaptation of the jig at the anterior aspect of the

tibia. High variations and inaccuracy were observed in the studies

reporting the comparison of PSI with the navigation [8,9]. The

comparison of the prediction intervals observed in our study with

those observed with PSI demonstrated a much higher reliability

with the robotically assisted TKA [8,9]. A published meta-analysis

comparing accuracy of navigation to conventional TKA in 23 pub-

lished randomized trials provides valuable context for the findings

we present here [16]. This study reported findings that 349 of 1160

patients (30.1%) operated with conventional instruments showed

greater than 2� of deviation from neutral mechanical alignment in

the coronal plane [16]. Their cohort of 1234 navigation-assisted

cases included 158 cases (12.8%) exhibiting greater than 3� of devi-

ation from the mechanical axis [16].

In conclusion, the results of this in vitro study demonstrate that

a high degree of accuracy can be obtained by surgeons using this

new robotically assisted TKA system that is based on robotically

positioned and stabilized cutting jigs. This study can be considered

as the first step in the validation process for this new “cobot”

technique and supports use in clinical settings. However, further

in vivo studies will be required to investigate first if the accuracy

observed in this cadaveric study can be replicated in clinical studies

and second to investigate the other potential advantages of this

system, such as the time efficiency, optimization of implant posi-

tioning, and improvements in patient-reported outcomes.
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