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Abstract—Complex joint fractures often require an open
surgical procedure, which is associated with extensive soft
tissue damages and longer hospitalization and rehabilitation
time. Percutaneous techniques can potentially mitigate these
risks but their application to joint fractures is limited by the
current sub-optimal 2D intra-operative imaging (fluo-
roscopy) and by the high forces involved in the fragment
manipulation (due to the presence of soft tissue, e.g.,
muscles) which might result in fracture malreduction. Inte-
gration of robotic assistance and 3D image guidance can
potentially overcome these issues. The authors propose an
image-guided surgical robotic system for the percutaneous
treatment of knee joint fractures, i.e., the robot-assisted
fracture surgery (RAFS) system. It allows simultaneous
manipulation of two bone fragments, safer robot-bone
fixation system, and a traction performing robotic manipu-
lator. This system has led to a novel clinical workflow and
has been tested both in laboratory and in clinically relevant
cadaveric trials. The RAFS system was tested on 9 cadaver
specimens and was able to reduce 7 out of 9 distal femur
fractures (T- and Y-shape 33-C1) with acceptable accuracy
(�1 mm, �5�), demonstrating its applicability to fix knee
joint fractures. This study paved the way to develop novel
technologies for percutaneous treatment of complex fractures
including hip, ankle, and shoulder, thus representing a step
toward minimally-invasive fracture surgeries.

Keywords—Computer-assisted surgery, Medical robotics,

Percutaneous fracture surgery, Navigation, Virtual planning,

Cadaveric experimental study.

INTRODUCTION

Traumatic fractures can lead to devastating clinical

consequences for patients and substantial burden to

healthcare systems. It is estimated that impaired heal-

ing will occur in 5–10% of the 5.6 million fractures that

occur annually only in the United States, and 10% of

those would require a second surgery to heal.23 Joint

fractures require 180,000 surgical procedures annually

in the United Kingdom, creating £3.7 billion cost to

the National Health System (NHS).25 To avoid painful

arthritis and/or additional surgeries, the fragments

must be correctly aligned and fixed.29 This often

involves an open incision (i.e., open surgery) to expose

the fractured bones and allow the surgeon to perform

the anatomical reduction, i.e., to reposition and align

the fragments as precisely as possible, ensuring the

correct joint functionality. Once reduced, the fracture

is fixed using plates and screws or intramedullary

nails.12 Open procedures are associated with extensive

soft tissue damage, higher risk of infection, longer

hospitalization and rehabilitation time, and higher

costs.21 Percutaneous techniques allow the surgeon to

manipulate the fracture fragments through small inci-

sions in the flesh, thereby gaining advantages of min-

imally invasive surgical approach.14 However, these

techniques are limited by static two-dimensional (2D)

intra-operative fluoroscopic imaging often inadequate

for the three-dimensional (3D) fragment alignments.

The 2D field of view does not provide enough infor-

mation to the surgeon regarding the fracture alignment

and rotation, necessitating multiple intra-operative

images. This leads to prolonged radiation exposure of

patient and staff1 or, in up to 5% of cases, expensive

revision operations to correct mal-positioned frac-

tures.23 The problem is particularly evident when
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dealing with intra-articular fractures that involve a

joint space, e.g., a distal femur or proximal tibia, where

optimal anatomical reduction and pose correction of

the articular surface is a 3D problem, typically difficult

to resolve using 2D imaging.13 Moreover, the high

forces between bone fragments and muscular attach-

ments during the reduction process often prevent cor-

rect reduction movements and occasionally result in

suboptimal fracture reduction.28 Deforming forces

from muscular attachments—which must be counter-

acted during the reduction process—cause character-

istic displacement patterns. The gastrocnemius

typically causes a hyperextension deformity of the

distal femoral articular block, i.e., this flexes the distal

fragment, causing posterior displacement and angula-

tion; the quadriceps and hamstrings exert proximal

traction, resulting in shortening of the lower extrem-

ity.12 Varus angulation may also result at the fracture

site from the pull of the adductor muscles. In more

severe fractures where there is intercondylar involve-

ment, rotational deformity may also occur further

increasing the complexity of the reduction maneuver.21

Integration of robotic manipulation and 3D image

guidance can increase reduction accuracy when using

the minimally invasive access to the fracture fragments.

In image-guided procedures, the surgeon is guided by

images from different modalities, including CT and

fluoroscopy, allowing the surgery to be performed

using a much smaller incision than in traditional open

surgery. Robotic tools might be used together with

image-guidance to perform minimally invasive surgery.

As the surgeon watches the images on the screen, they

actuate the robot using a dedicated controller. For

surgeons, image-guided interventions using robots also

have the advantage of reducing fatigue during long or

tiring operations, such as in orthopedic surgery.

In the last few decades, robotic surgical systems with

3D image guidance have been proposed2,17,20,31,33,35,36

to improve fracture surgeries. Buschbaum et al.2 and

Warisawa et al.35 developed systems for computer-as-

sisted repositioning of femoral fractures using 3D-CT

images. Joskowicz et al.20 presented FRACAS, a

computer-aided system providing image-guidance to

the surgeon to reduce a long bone fracture. Westphal

et al.36 reported a robotic system for the reduction of

femur shaft fractures based on a telemanipulated

industrial serial robot and 3D imaging data generated

by intra-operative 3D fluoroscope. Tang et al.,31

Graham et al.,17 and Wang et al.33 utilized a parallel

robot for the reduction in diaphyseal femur fractures

based on 3D CT image reconstruction process for pre-

operative planning. The application of the above sys-

tems is restricted to long bone fractures, which usually

have a smaller number of larger fragments that can be

managed using the current 2D imaging. Joint fractures

typically require higher reduction accuracy to restore

the articular surface 21 (3D problem) and therefore are

more difficult to solve using 2D imaging. To the best of

our knowledge, no image-guided robotic systems for

the reduction of joint fractures have been reported in

the relevant literature.

Earlier research by the authors of this paper to-

wards improving percutaneous reduction of intra-ar-

ticular fractures9,27 has resulted in the creation of an

image-guided robotic system prototype.7 Image-guid-

ance and robotic assistance are combined to help the

surgeon to achieve accurate reduction of distal femur

fractures (DFF) with minimum damage to soft tissue.

More in detail, CT images of a DFF are acquired pre-

operatively and processed to generate 3D models of the

fracture. Such models are imported into the reduction

software which allows the surgeon to pre-plan the

reduction of the fracture, by virtually manipulating 3D

models (virtual reduction). Motion commands for the

robotic system are generated based on the virtual

reduction and the bone fragments connected to robotic

manipulator are repositioned accordingly, achieving

the physical reduction of the fracture. Validation trials

on bone phantoms proved that the prototype can

successfully reduce a 1-fragment DFF with a reduction

accuracy of 1.15 mm, 1.3�.7 These trials exposed limi-

tations that might restrict the system’s clinical use. (1)

Simultaneous manipulation of 2 fragments the earlier

prototype could manipulate only one fragment at the

time. Complex DFFs are multi-fragmented and require

higher surgical skills to be reduced (e.g., 33-C1, see

Figs. 5a, 5b).12,21 (2) Rigid Robot-Bone Attachment in

the previous prototype,7 the robot end-effector was

attached to the bone through a commercial orthopedic

pin, screwed into the fragment. The prototype was

tested on bone phantoms (Sawbones) with the ortho-

pedic pin glued to the bone preventing rotation of the

pin inside the fragment during robotic manipulation.

Clearly, this cannot be done in a clinical procedure.

The soft tissue connected to the fracture fragments

creates reactive forces to the reduction force applied to

the fragment through the manipulating pin. If the pin

is not rigidly connected to the robot end-effector and

the fragment, the reduction force would not translate

to the fragment, potentially compromising the reduc-

tion procedure. (3) Traction capability the soft tissue in

the knee joint (i.e., ligaments, tendons, cartilage,

muscles) present in multi-fragmented DFFs require

traction of the tibia to restore the original length and

rotation of the joint.12 The traction also creates the

space inside the knee joint required for the manipula-

tion of the fragments. Traction capability was not in-

cluded in the earlier prototype. (4) Clinical Workflow

the clinical workflow for the reduction of joint frac-

tures using the earlier RAFS prototype7 presented two
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main issues: (i) The pins were inserted into the bones

outside the operating theatre which is typically done in

the operating theatre; (ii) The pins should be inserted

into the fragments after getting the CT scan of the

fracture, allowing for full pre-operative planning, and

reducing the surgical time. (5) Reliable System Evalu-

ation: Presence of the soft tissue plays a key role in the

reduction process.18 Although the earlier prototype

was successfully tested in laboratory on knee phantoms

with simulated soft tissue,7,9 RAFS system needs fur-

ther evaluation on cadaver tissue specimens to better

understand interaction between real anatomical struc-

tures and the robotic system.

This paper significantly extends the prior work

carried out by this paper’s authors allowing the

simultaneous manipulation of two fragments, intro-

ducing a novel robot-bone attachment system,

including a traction robot, designing a new clinical

workflow, and testing the usability of the complete

RAFS system on clinically relevant trials performed on

cadaver samples.

MATERIALS AND METHODS

RAFS Surgical System

The key requirements for the new RAFS system are:

(1) manipulate 2 bone fragments at the same time with

a clinically acceptable reduction accuracy, i.e., �1 mm

(translational), �5� (rotational)7,21; (2) percutaneously

attach and manipulate bone fragments, minimizing

soft tissue damage; (3) apply traction force to the foot

to extend the joint; and (4) provide pre-operative

planning and real-time intra-operative 3D imaging to

visualize the three-dimensional fracture configuration.

The new RAFS surgical system—shown in

Fig. 1—is based on two Robotic Fracture Manipula-

tors (RFM1, RFM2), i.e., computer-controlled 6DOF

parallel-robots with 6DOF load cells enabling force

control. Each RFM is connected to a bone fragment

through a custom-designed manipulation pin (de-

scribed below) for fragment manipulation

(0.03 ± 0.01 mm translational accuracy and

0.12 ± 0.01� rotational accuracy11). Each RFM is

mounted on a carrier platform (CP1, CP2) (4-DOF,

computer-controlled), which is used for positioning the

RFM close to the manipulation pin. The implemen-

tation of two RFM-CP systems allows the simultane-

ous manipulation of two fragments. Kinematics

analysis of RFM and CP is reported in Supplement S0

and fully described in Ref. 7.

A gripping device was designed to securely connect

the RFM end-effector and the bone fragment. It con-

sists of a Unique Geometry manipulation Pin (UGP),

an Anchoring System (AS), and a Gripping System

(GS) (Fig. 2). The UGP (Fig. 2a) is a custom-designed

orthopedic manipulation pin [6 mm diameter (D),

142 mm length (L)]. It has 4 parts: (1) gripping section

(cylinder, D = 4 mm, L = 12 mm) to be connected to

the RFM end-effector; (2) tool section (L = 33 mm),

three-flat-faces unique geometry to which a tool (reg-

istration tool or optical tool, see below) can be

mounted in a unique orientation, enabling the 3D

imaging system7,9; (3) anchoring system section

(L = 67 mm), two-flat-faces geometry on which the

AS is fixed. This geometry prevents the AS to rotate

around the UGP; (4) threaded section (L = 30 mm), a

M6 9 1 metrical thread screwed into the bone frag-

ment by the surgeon. The AS (Fig. 2b) is a custom

designed system that firmly embeds the UGP into the

bone fragment using a drilling template (DT) to hold

four stainless steel nails. The surgeon drills a UGP into

the bone fragment, slides the DT over and drills the 4

nails into the bone fragment through the holes on the

DT. The AS assures that the UGP is securely con-

nected to the bone fragment. The GS (Fig. 2c) is

mounted on the RFM end-effector and consists of an

adjustable spherical joint that can freely orient a spe-

cially designed insert. The insert can fit in the gripping

section of the UGP. The gripping section of the UGP is

connected to the RFM end-effector through the GS

and locked with 4 grub screws. This configuration

ensures that the force/torque applied by the RFM is

fully transferred to the bone fragment to achieve the

desired anatomical reduction.

As mentioned above, DFF requires traction of the

tibia to restore the original length and rotation of the

joint.12 In the current clinical practice, this is per-

formed by pulling the patient’s foot manually or using

a traction table. This allows the surgeon to apply a

constant and adjustable traction force to facilitate the

reduction process. A computer-controlled version of

the traction table, i.e., the automated traction

table (ATT) has been introduced in the RAFS system.

The ATT is a 4-DOF mechanism, (two prismatic and

two revolute joints) (Fig. 3), connected to the tibia

through an orthopedic boot and a leg holder. A 6-

DOF load cell is mounted between the ATT and the

boot holding the patient’s foot to monitor the traction

force and torque. The forward kinematics of the ATT

is based on the Denavit-Hartenberg (DH) analysis

(Fig. 3). The DH parameters are defined using the joint

vector:

q ¼ h1d2d3h4½ � ð1Þ

where, h1 is the rotation of the ATT around the axis

perpendicular to the limb, d2 is a displacement
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FIGURE 1. The RAFS surgical system: schematics of the robotic system (a) and its integration with the navigation system in the
cadaver laboratory (b).

FIGURE 2. Robot-bone attachment system: CAD drawings of the Unique Geometry Pin (UGP) (a) and the anchoring system (AS)
(b). The UGP is secured in the Gripping System (GS) and securely interconnects the RFM end-effector with the bone fragment (c).
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perpendicular to the limb axis, d3 is a displacement

along the limb axis, and h4 is the rotation around the

limb axis. The transformation matrix between the ATT

origin {O} and the base of the foot reference frame

{ORFF} is given by:

OTORFF
¼

c1c4 �c1s4 �s1 �d3s1
s1c4 �s1s4 c1 d3s1
�s4 �c4 0 d2 þ l1 þ l3
0 0 0 1

2

6

6

4

3

7

7

5

ð2Þ

where, cx is cos(x) and sx is sin(x). For a desired (d)

target position and configuration of RFF in respect to

{O} given by the vector:

ATTPd ¼ XdYdZdhXdhYdhZd½ � ð3Þ

where, XdYdZd are the Cartesian coordinates in respect

to {O} and hXdhYdhZd the Euler angles in respect to

{O}, an analytical solution for the inverse kinematics

of the ATT to provide the desired joint parameters is

given by:

h1 ¼ atan2 Xd;Ydð Þ
h4 ¼ hYd

d2 ¼ Zd � l1 � l3ð Þ

d3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2
d þ Y2

d

q

ð4Þ

The RAFS system control architecture is reported in

the Supplement S1.

RAFS navigation system consists of a virtual

reduction (VR) software, optical tracking system (Po-

laris Spectra, NDI Inc., tracking accuracy 0.25 mm),

and contact-less user controller (Leap Motion). The

VR software displays the 3D models of the bone

fragments created from the CT DICOM data. The

surgeon moves the fragments using leap motion to

virtually reduces the fracture.6,9 The optical tracking

system provides real-time update of the 3D models

through the optical tools attached to the orthopedic

pins inserted into the bone fragments. Intra-operative

imaging allows surgeon to monitor progress of the

physical fracture reduction performed by the robotic

system. The integration of image-guidance with the

robotic system is introduced in the next section along

with the new clinical workflow, and accurately de-

scribed in Supplement S2.

RAFS system technical requirements have been

defined based on the assessment results of earlier

prototypes,7,9 and are summarized in Table 1.

RAFS Clinical Workflow

The new clinical workflow (Fig. 4) removes the is-

sues of the earlier version, and allows full pre-operative

planning. This involves a number of registrations and

transformations which are described in the Supplement

S2. Two different types of 2-fragment distal femur

fractures have been considered in this study, i.e.,

articular Y-shape 33-C1 and T-shape 33-C1 fractures

(Figs. 5a, 5b),12 as the large size of the fragments

(medial and lateral condyles) can accommodate inser-

tion of orthopedic manipulation pins through small

incisions. The statistical validation of the robotic sys-

tem is reported in Ref. 11.

A pre-operative CT scan of the fracture is taken,

and the resulting dataset segmented to generate 3D

models (CAD model) of each bone fragment (Fig. 5c).

FIGURE 3. ATT kinematics: rotational (J1, J4) and prismatic (d2, d3) DOF (a), and DH kinematics chain (b).
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The models are imported in the reduction software and

the surgeon virtually reduces the fracture using the

GUI (Fig. 5d) by manipulating F1 (fragment 1) and F2

(fragment 2) to match FEM (femur—which remains

fixed). This generates the desired final (d) poses for

fragments F1 (F1Pd) and F2 (F2Pd) with respect to the

femur (Fig. 5e). Pre-operative planning data are stored

in the system and used for intra-operative robot mo-

tion calculations to achieve the physical reduction of

the fracture.

In the operating theatre, 4 orthopedic pins are in-

serted into the bone fragments (Fig. 6a). Two UGPs

are inserted into the fragments to be manipulated by

the robot: i.e., UGPF1 is inserted in F1, UGPF2 in F2.

UGPs are then firmly attached to the fragments using

the AS. Two further pins (D = 4 mm, L = 135 mm)

are inserted into the tibia (OFPTI) and the femur

(OFPFEM). These pins have only two sections: the

threaded section (M4 9 1, screwed into the bone) and

the tool section (one-flat-face geometry), to which

supporting registration and optical tools are fixed. We

refer to these pins as one flat pins (OFPs). Pins are

percutaneously inserted into the bones through small

incisions, minimizing the soft tissue damage. The rel-

ative pose of the bone fragments is quite likely to

change between the pre-operative CT scan is taken and

the surgery starts. This is due to both the insertion of

the pins into the bone fragments and small movements

of the joint that might happen before the surgery.

Therefore, the pre-operative pose of the fragments, i.e.,

the pose of the fragments at the time of the CT scan,

can not be trusted during the surgical procedure. Pre-

operative CT data are used only to generate the 3D

models of the fragments and to allow the pre-operative

planning of the procedure, and not to provide pose

estimation of the fragments. Therefore, to enable intra-

operative image guidance—i.e., the real-time updated

pose of the bone fragments during the surgery—the

relative position of each pin with respect to the bone

fragment in which it is inserted needs to be calculated

through intra-operative surgical registration. Once the

relative pose of each pin-bone is known, and assuming

that it does not change over the time (i.e., the object

constituted by the pin and the bone fragment is con-

sidered rigid), the pose of each bone fragment can be

updated in real-time by connecting an optical tool to

the pin, as described below. This depicts the actual

pose of each fragment (F1, F2, Tibia, and Femur) in

the 3D space during the surgery.

In this regard, custom-designed registration tools

(RTUGP, RTOFP) have been prototyped. Each RT

contains three stainless steel beads (radiopaque).

RTUGP has been designed to be rigidly connected in a

unique way into UGPs, while RTOFP fits only OFPs

(Fig. 6b). RTs have locking screws that ensure their

perfect alignment with the pins. Two fluoroscopic

images from different angles (i.e., 90�, 30�) of each

fragment-pin-registration tool are taken (8 images in

total). These images are imported into the reduction

software, together with the CAD 3D models of the

registration tools placed on the pins and the 3D models

of the fracture generated by the pre-operative CT da-

taset. The proposed 2D/3D registration workflow is

applied to each fragment-pin-registration tool and it

involves (Fig. 7c):

(1) Estimation of a relative pose between the 2 flu-

oroscopic images using the registration tool: a bead-

based registration algorithm32 is used to estimate the

6DOF pose of the fluoroscopic images with respect to

the registration tool placed on the pin, using point

correspondence between the known features in the

CAD 3D model and in the images (Fig. 6c).

(2) Registration of the 3D model of the bone

fragment to the fluoroscopic images: the contour of

the bone fragment is segmented on the two fluoro-

scopic images, and a spline-based registration

TABLE 1. RAFS system technical data.

Parameter Value

RFM positioning accuracy11 0.03 ± 0.01 mm (translational)

0.12 ± 0.01� (rotational)

CP positioning accuracy7 5 mm (translational)

5� (rotational)

ATT positioning accuracy 0.2 mm (translational)

0.3� (rotational)

RFM operational workspace11 ±25 mm (x, y ,z), ± 17� (Jx, Jy, Jz)

CP operational workspace7 Cylindrical workspace

±350 mm (length), 300 mm (diameter)

RFM load capacity7 350 N (force), 12 Nm (torque)

ATT traction capacity 350 N (force)

Tracking system accuracy11 0.25 mm

RFM robotic fracture manipulator; CP carrier platform; ATT automated traction table.
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method38 is applied to minimize the distance between

the projected contour of the 3D model of the bone

fragment and the segmented 2D contour on each

fluoroscopic image. After the registration, the relative

pose between each pin and its fragment is known, and

the homogeneous transformations PiTFi can be cal-

FIGURE 4. New clinical workflow for RAFS.
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culated (Fig. 6c and Supplement S2). PiTFi are con-

sidered to be constant during the operation (i.e., the

relative pose of each pin-bone does not change over

the time). The pose of each bone fragment is then

updated in real-time by connecting an optical tool to

its pin.

FIGURE 5. Pre-operative planning: CT-generated 3D models of a Y-shape 33-C1 fracture of a cadaveric specimen (a); a surgeon
virtually reduces the fracture using the GUI (b); visual results of the virtual reduction, and generation of the pre-operative planning
data F1Pd and F2Pd (c).

FIGURE 6. Intra-operative navigation. Cadaveric specimen with orthopedic pins inserted (a); example of a registration tool RTUGP

inserted into UGP pin (b); 2D/3D registration framework (c): 6DOF pose of the fluoroscopic images is estimated using the CAD
model of the registration tool and the pin (green object); CT-generated model of the bone fragment (red object) is then registered
with the fluoroscopic images; the relative pose between the coordinate frames of the fragment (CFFi) and the inserted pin (CFPi) is
defined by the homogeneous transformation PiTFi.
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The femur is physically fixed to the operating

table using two Taylor Spatial Frame (TSF) and k-

wires, and registration tools are replaced by optical

tools (Fig. 7a): optical tool OTTI is placed on the pin

(OFPTI) inserted in the tibia (TI), OTFEM on the pin

(OFPFEM) inserted in the femur (FEM), OTF1 on the

pin (UGPF1) in fragment 1 (F1), and OTF2 on the pin

(UGPF2) in fragment 2 (F2). Two optical tools

(OTRFM1, OTRFM2) are also placed on the two RFMs.

As the orthopedic pins were designed to be connected

in a unique way to the optical tools (coincident coor-

dinate frames, i.e., CFPi ” CFOTi), the optical tracker

provides the actual (a) pose of each bone (F1Pa,
F2Pa,

TIPa,
FEMPa) by tracking the pin, thus enabling the

intra-operative image guidance (see Supplement S2).

The ATT is attached to the patient’s foot and the

surgeon sets a desired pose ATTPd to apply traction to

the knee joint. The surgeon monitors in real-time the

actual pose of tibia and fragments F1 and F2 with

respect to the femur using the navigation system. CP1

and CP2 position RFM1 and RFM2 close to the

orthopedic pins UGPF1 and UGPF2, (poses described

by OTF1 and OTF2, respectively). RFM1 is now con-

nected to UGPF1, RFM2 to UGPF2, and F1 and F2

are in their initial starting (s) poses (F1Ps,
F2Ps). Results

of the pre-operative planning F1Pd and F2Pd are up-

loaded into the intra-operative procedure. The surgeon

proceeds with the intra-operative virtual reduction of

the fracture (Fig. 7b), generating the desired trajecto-

ries F1Tjd and
F2Tjd to take F1 and F2 from their initial

starting poses (F1Ps,
F2Ps) to the final ones (F1Pd,

F2Pd)

(Fig. 7c). The corresponding desired trajectories in the

task space for the RFMs RFM1Tjd and RFM1Tjd are

calculated (see Supplement S2) to achieve the fracture

reduction. The RFMs execute the desired movements

for F1 and F2 while FEM remains static. The optical

imaging system is responsible for 3D visualizing of the

fracture fragments in real-time replacing the use of

intra-operative fluoroscopy. When the reduction is

acceptable, the surgeon fixates the fracture.

Experimental Evaluation

RAFS surgical system has been evaluated on 9

human cadaveric specimens that include 3 of female

and 6 of male subjects (approved by the National

Research Ethics Committee, REC Reference: 15/WM/

0038, UK) with distal femur fractures (see Supplement

Video). Fractures were imaged with a SOMATOM

Sensation 16 (Siemens Healthcare) CT scanner with a

FIGURE 7. RAFS system in the cadaver laboratory. Optical tools attached to the orthopedic pins and RFMs allow intra-operative
real-time imaging and closed-loop control of the system (a); pre-operative data are imported into reduction software and the
surgeon proceeds with the intra-operative virtual reduction (b) generating the desired reduction trajectories F1Tjd and F2Tjd (c) for
each fragment.
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voxel size of 0.58 mm 9 0.58 mm 9 0.75 mm. Intra-

operative fluoroscopic images were taken with an OEC

Fluorostar (GE) C-arm. Each fluoroscopic image has

been calibrated to correct the spatial image distor-

tion,8,30 and improve the image processing accuracy.

The metrics chosen for the RAFS system evaluation

were (1) the fracture reduction accuracy expressed as

the root-mean-squared-error (RMSE) measured after

the physical reductions; (2) the force/torque involved

in the physical reductions, i.e., the traction force

applied by the ATT and the force/torque applied by

the RFMS; (3) the UGP-RFM connection stability

measured as the relative pose displacement between the

UGP and the RFM end-effector; and (4) the surgical

procedure time, i.e., the intra-operative time including

pins insertion, 2D/3D registration, robot setup, intra-

operative virtual reduction, and robotic fracture

reduction.

Nine fresh frozen cadaver specimens (including hip

and foot)—namely 4 right and 5 left lower limbs from

both male (N = 6) and female (N = 3) with average

age of 87 ± 11 years - were used for the study. An

orthopedic surgeon fractured the distal part of each

femur creating Y-shape 33-C1 fractures in 5 specimens

and T-shape 33-C1 in 4 specimens. The proposed

clinical workflow was applied to each specimen to re-

duce the fracture. The average registration error

resulted to be 1.15 ± 0.8 mm.10

After each physical reduction, the surgeon checked

the result intra-operatively using the navigation system

and temporarily fixated the fracture using k-wires,

ensuring the immobilization of the fragments during

the assessment of the reduction (see Supplement

Video). Assessment of closed fracture reductions in

clinical practice is undertaken by the operating surgeon

with the aid of fluoroscopic images.12 Following the

temporary fixation, three fluoroscopic images of the

reduced fracture were taken: one in the coronal plane

(anteroposterior), one in the sagittal-lateral plane, and

one in the sagittal-medial plane. The assessment of

reduction accuracy was completed using the fluoro-

scopic images and the Sante DICOM Viewer (Sante-

soft). A displaced fragment causes a deviation from the

normal alignment which can be quantified by mea-

surements of translation and angulation on the fluo-

roscopic images in both coronal and sagittal planes.3

Translational accuracy DTi, defined as separation of

two points, was measured by a clinician at several

points where displacement between one manipulated

fragment (TFi) and the femur (TRi reference) was per-

ceived to be the greatest. For each fragment, 12 data

points were taken from two different fluoroscopic

images (six points in the coronal plane and six in the

lateral plane) to determine the average translational

error. Rotational accuracy was measured as the

difference between the axis defined by the femur JRi

(reference) and the axis defined by the fragment JFi.

For each fragment 2 data points were taken from two

different fluoroscopic images (one in the coronal plane,

one in the lateral plane) to determine the average

rotational error.

RESULTS

Experimental results are summarized in Table 2.

The RAFS system showed clinically acceptable reduc-

tion values (�1 mm, �5�) on both Y- and T-shape 33-

C1 fractures in 5 specimens, namely #1, #2, #3, #5, and

#7 as shown in Fig. 8. Columns ‘‘F1 RMSE’’ and ‘‘F2

RMSE’’ reports reduction accuracies for fragment 1

and fragment 2 respectively (in terms of root-mean-

squared error) with regard to each specimen, showing

that the system can accomplish a good reduction

accuracy avoiding large deviations from the desired

reduction. Figure 8 plots the average reduction accu-

racies of F1 and F2 for each specimen, providing a

visual representation of the overall reduction accura-

cies achieved using the RAFS system on each speci-

men, compared with the clinically acceptable values.

This is also summarized in the ‘‘Overall’’ column of

Table 2.

Specimens #4 and #6 presented average residual

error (RMSE) of 1.76 ± 1.1 mm/3.32 ± 1.6� (speci-

men #4) and 0.97 ± 0.35 mm/5.33 ± 0.4� (specimen

#6) (Fig. 8), resulting in sub-optimal—although still

acceptable—reduction. A higher residual error for F2

(2.83 ± 1.94 mm/4.88 ± 3.10�) in specimen #4 is due

to a failure in the gripping system (GS) as shown by the

relative rotation between UGPF2 and RFM2 of 23�

(UGPF2 rotated inside GS) reported in column

‘‘RFM2 UGPF2’’of Table 2. The failure occurred be-

cause of a higher than the average torque applied by

RFM2 during the manipulation of F2 (6.83 ± 0.6 Nm,

see column ‘‘Manipulation Force/Torque’’ of Table 2).

A residual rotational error of 7.24 ± 0.56� was

measured for F2 in specimen #6. The initial dislocation

of this fragment was high (rotation over 45�) and the

RFM2 was not able to achieve a sufficient reduction as

the required movement of the RFM2 was beyond the

designed workspace capabilities.

Reduction accuracy for specimens #8 and #9 can’t

be considered acceptable. Considering specimen #8,

the reduction accuracy achieved for fragment 1 was

7.13 ± 3.63 mm (translational) and 20.7 ± 0.81� (ro-

tational). In specimen #9, the reduction accuracy for

fragment 2 was 12.1 ± 1.54 mm (translational)

12.9 ± 7.42� (rotational), much higher than the

acceptable values of 1 mm and 5�. Again, the malre-

ductions obtained for fragment 1 of specimen #8 and
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fragment 2 of specimen #9, are related with the failure

of the GS, not being able to keep the UGPs stationary

inside the RFMs. The relative displacement between

UGP and RFM (see column ‘‘RFMs-Pins Displace-

ment’’ in Table 2), due to soft tissue-related forces and

torques, was measured during each reduction com-

paring the relative pose of each UGP (provided by

OTF1 and OTF2) and the connected RFM (provided by

OTRFM1 and OTRFM2). Whilst rotational displace-

ments were used as a metric to evaluate safety of the

connection between UGP and GS (i.e., RFM), linear

displacements describe the bending of the UGP at the

gripping section. Average linear and rotational dis-

placements of 2.7 mm (maximum 5.99 mm) and rota-

tional 4.9� (maximum 23� measured in specimen#4),

respectively, were measured.

The ATT supported the fragment manipulation and

facilitated the reduction of the fractures. The average

traction force applied by the ATT measured during the

nine reductions was 25.1 ± 17.8 N (maximum 51.6 N).

Specimen-specific traction values are reported in col-

umn ‘‘Traction Force’’, while manipulation forces and

torques exerted by the RFMs during the reduction

procedure are shown in column ‘‘Manipulation For-

ces/Torques’’ of Table 2.

Finally, the surgical times to reduce the fracture on

each specimen using the RAFS system are reported in

column ‘‘Surgery Time’’ of Table 2. The average sur-

gical time to reduce a DFF with the RAFS system was

123 ± 7 min, slightly higher than the open-procedure

(�100 min).15 Only intra-operative time was consid-

ered in this study as it directly affects the patient (e.g.,

duration of the anesthesia) and the operating theatre

management (e.g., operating theatre occupancy rate).

Pins insertion took 33 ± 3 min; 2D/3D registration

52 ± 6 min; robot setup 27 ± 3 min; intra-operative

virtual reduction 2 ± 1 min; and physical reduction

9 ± 3 min.

DISCUSSION

Cadaveric trials demonstrated the potential that the

RAFS system can have for joint fracture surgery. Im-

age-guidance and robotic assistance are combined to

improve the surgical management of distal femur

fractures. CT images (3D models of the fracture) are

used both to guide the surgeon in pre-planning the

surgical procedure (virtual reduction), and to generate

the motion commands for the robotic system. Robotic

TABLE 2. Cadaveric trials results.

Specimen
Reduction accuracy RFMs-pins displacement

Traction forced Manipulation force/torquee Surgery time

F1 RMSEa F2 RMSEa Overallb RFM1 UGPF1
e RFM2 UGPF2

e

#1—T,R 1.41 ± 0.30 mm

3.12 ± 0.40�

0.93 ± 0.20 mm

3.30 ± 0.50�

A 2.70 mm

3.10�

2.65 mm

4.40�

10.8 ± 2.3 N 69.9 ± 4.4 N

4.8 ± 0.4 Nm

119 min

#2—Y,R 1.83 ± 0.10 mm

2.40 ± 0.30�

0.85 ± 0.30 mm

2.20 ± 0.10�

A 1.37 mm

1.60�

3.30 mm

2.70�

51.4 ± 2.8 N 113.1 ± 5.4 N

3.2 ± 0.3 Nm

131 min

#3—T,L 1.00 ± 0.40 mm

2.40 ± 0.20�

1.38 ± 0.40 mm

2.40 ± 0.60�

A 2.10 mm

1.80�

2.80 mm

3.45�

24.0 ± 0.8 N 18.0 ± 0.5 N

1.60 ± 0.1 Nm

132 min

#4—Y,L 0.69 ± 0.26 mm

1.75 ± 0.10�

2.83 ± 1.94 mm

4.88 ± 3.10�

B 2.3 mm

3.35�

3.68 mm

23.0�

12.5 ± 3.1 N 94.6 ± 5.1 N

6.83 ± 0.6 Nm

119 min

#5—T,L 0.51 ± 0.12 mm

2.72 ± 0.01�

0.82 ± 0.39 mm

2.01 ± 0.58�

A 2.63 mm

1.07�

5.99 mm

5.52�

51.6 ± 24 N 147 ± 10 N

6.31 ± 0.2 Nm

117 min

#6—T,R 0.79 ± 0.11 mm

3.43 ± 0.22�

1.15 ± 0.60 mm

7.24 ± 0.56�

B 2.20 mm

3.07�

2.97 mm

1.34�

10.4 ± 1.2 N 82.7 ± 7.5 N

1.96 ± 0.3 Nm

127 min

#7—Y,L 1.04 ± 0.25 mm

0.12 ± 0.05�

1.13 ± 0.01 mm

0.69 ± 0.04�

A 2.79 mm

2.29�

2.81 mm

2.46�

45.6 ± 5.1 N 25.9 ± 7.4 N

3.24 ± 0.6 Nm

123 min

#8—Y,L 7.13 ± 3.63 mm

20.7 ± 0.81�

0.95 ± 0.37 mm

3.28 ± 0.18�

N 2.84 mm

18.1�

0.89 mm

0.91�

8.3 ± 2.6 N 55.9 ± 11.9 N

1.91 ± 0.4 Nm

119 min

#9—Y,R 3.44 ± 0.82 mm

1.14 ± 0.16�

12.1 ± 1.54 mm

12.9 ± 7.42�

N 1.85 mm

2.48�

2.73 mm

8.85�

11.6 ± 5.1 N 74.5 ± 8.1 N

2.12 ± 0.5 Nm

107 min

aReduction accuracy is described by the translational root-mean-squared-error (RMSE in mm) and the rotational root-mean-squared-error

(RMSE in degrees).
bQualitative evaluation of the reduction accuracy considering both F1 and F2. The overall reduction accuracy is considered acceptable (A) for

reduction values of F1 and F2 �1 mm and �5�. Slightly higher reduction values bring to a borderline (B) reduction, although still clinically

acceptable. Higher reduction values of F1 and F2 are considered clinically not acceptable (N).
cConnection stability of RFMs and UGPs is described by the maximum translational (in mm) and rotational (in degrees) displacement between

the UGPF1 connected to RFM1 end-effector and the UGPF2 connected to RFM2 end-effector.
dAverage traction (measured in N) applied by the automated traction table (ATT) during the surgical procedure.
eResultant average forces (N) and torques (Nm) applied by the Robotic Fracture Manipulators (RFMS) during the surgical procedure.

T T-shape 33-C1 fracture; Y Y-shape 33-C1 fracture; R right limb; L left limb.
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assistance overcomes the high forces involved in the

manipulation of bone fragments to achieve the physi-

cal reduction of the fracture with high accuracy, which

would not be possible otherwise (i.e., through percu-

taneous manual reduction).

The metric chosen for the reduction accuracy eval-

uation, i.e., RMSE, gives an account of how far the

manipulated fragments are from the desired, reduced,

position. Results (Table 2; Fig. 8) showed that clini-

cally acceptable reduction was achieved in 5 specimens

(#1 to #7). Two specimens (#4, #6) resulted in sub-

optimal reduction, although still clinically acceptable.

The GS failed during the reduction of specimen #4 due

to the high torque applied by RFM2 during the

manipulation of F2 (6.83 ± 0.6 Nm). High for-

ces/torques values depend on the soft tissue opposing

the reduction, which can cause the UGPs to bend an-

d—as in this case—the gripping system to fail,

increasing the reduction error. The force/torque

applied by the RFMs during the cadaveric trials was

on average 75.7 N/3.5 Nm, with maximum values of

147 N/6.83 Nm (Table 2, column ‘‘Manipulation

Force/Torque’’). Forces measured during cadaveric

trials are almost up to nine times higher than the force

data collected with the earlier prototypes in laboratory

trials on phantoms (16.5 N), and torque data almost 5

times higher (1.5 Nm).7,9 This also explains the slightly

lower reduction accuracy—on average—of the new

RAFS system with respect to the earlier prototypes

(1.15 mm/1.3�).7,9

The control system was able to compensate the

displacement between the RFMs and UGPs (Table 2,

column ‘‘RFMs-Pins Displacement’’) by re-calculat-

ing the homogenous transformations RFM1TUGPF1

and RFM2TUGPF2 at each processing time step (see

Supplement S2), achieving clinically acceptable re-

duction accuracy in specimens #1 to #7. The system

was not able to reduce the fractures in specimens #8

and #9 for two reasons: (1) the initial dislocation of

the fragments was high (rotation of up to 45�); and (2)

the gripper system failed. The conjunction of the two

has resulted in movement of the RFMs beyond the

designed workspace capabilities. Operational work-

space of RFMs and the gripper system design need

further attention in future developments of the RAFS

system. The linear displacements of 2.7 mm (average)

and 5.99 mm (maximum, specimen #5) measured

between the RFMs and UGPs during cadaveric trials

(Table 2, column ‘‘RFMs-Pins displacements’’) were

obtained for applied forces/torques (Table 2, column

‘‘Manipulation Force/Torque’’) of 76 N/3.5 N (aver-

age) and 147 N/6.31 Nm (maximum, specimen #5).

Similar to the gripping section, the other UGP’s sec-

tions bend when a high load is applied. The control

FIGURE 8. Fracture reduction accuracies achieved using the RAFS system on nine cadaveric specimens. The RAFS system was
able to reduce distal femur fractures with acceptable clinical accuracy (Translational: �1 mm, blue rectangle—Rotational: �5�, red
rectangle) in specimens #1, #2, #3, #5, and #7. Borderline—still acceptable—reduction accuracy was measured in specimens #4
and #7. The RAFS system was unsuccessful in reducing the fractures in specimens #8 and #9.
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system cannot compensate this displacement as it

can’t be estimated during the surgical procedure (a

further optical tool on the threaded section would be

needed). This, of course, affects the physical reduc-

tion accuracy of the fracture. A mathematical model

of the UGP’s force–displacement relation can be

created based on FEA simulations. In the future, this

model can be included in the RAFS control system

allowing a real-time estimation and compensation of

the UGP displacement (including the gripping section)

based on force/torque feedback provided by the load

cells mounted on the RFMs.

Comparative evaluation of forces applied by ATT

(Table 2, column ‘‘Traction Force’’) and RFMs (Ta-

ble 2, column ‘‘Manipulation Force/Torque’’) showed

that the minimum manipulation force applied by

RFMs to reduce the fracture was measured with a

traction force (ATT) of about 35 ± 10 N (e.g., speci-

mens #3, #7). Lower traction forces have resulted in a

more difficult fragment manipulation. The joint was

still compressed, and the fragments stuck between tibia

and femur required higher manipulation forces (spec-

imen #1, #4, #6, #8, #9). Higher traction forces

resulted in an over-tension of the knee ligaments (i.e.,

ACL, PCL, MCL, LCL),37 increasing the stiffness of

the joint and the force required to manipulate the

fragments (specimen #2, #5). No correlation between

the traction forces and the manipulation torque was

identified. However, a qualitative correlation between

manipulation torques and the knee flexion angle, i.e.,

the angle between femur and tibia on the lateral plane

(provided by the optical tools OTTI and OTFEM) was

found. Flexion of the knee at about 20� resulted in a

lower required torque applied by the RFMs (specimen

#3, #8). Data collected during the fracture reduction of

specimen #3, perfectly summarizes the findings above:

traction force of 24.0 ± 0.8 N and knee flexion of 20�

resulted in the lowest manipulation force/torque mea-

sured during the whole cadaveric study. This confirms

the clinical practice and the use of carbon triangles to

support the leg and relax the knee joint muscles during

the procedure.12

The surgical registration is a key part of the clinical

workflow. It was successfully executed on all the 9

specimens, showing that it is reliable and effective,

and can achieve intra-operative registration with high

level of accuracy, providing a registration error of

only 1.15 ± 0.8 mm. Comparison between the regis-

tration accuracy and the reduction accuracy data in

specimens #1, #2, #3, #5, and #7 (i.e., clinically

acceptable reduction is achieved, no GS failure, no

operational workspace issues) shows that the regis-

tration considerably affects the reduction accuracy,

introducing the high majority of the final reduction

error. This is mainly due to the manual user interac-

tion required to perform the registration, which not

only negatively affects the registration accuracy, but

also slows down the whole procedure. The surgical

registration is currently overly time consuming

(�50 min) at this stage of development, as user

interaction is required to identify the location of

anatomical landmarks and surfaces to carry out the

registration. The manual interaction can be mini-

mized by automating the surgical registration,

resulting in both reduced registration time (ideally

performed in few seconds), and increased registration

and reduction accuracies. The identification of the

anatomical landmarks can be automated using pat-

tern matching algorithms looking for the desired

features.16 At this stage, the segmentation of the bone

fragments in the lateral fluoroscopic image requires

an extensive manual intervention. One of the main

issues encountered was the overlap of the bone frag-

ments in the fluoroscopic image taken from the lateral

view. An optimized positioning of the fluoroscope

(e.g., in Ref. 34) in order to obtain images with

minimum overlap of the fragments might enable an

automatic segmentation of the bones in the fluoro-

scopic images. Also, the registration algorithms can

be implemented on a graphic processing unit (GPU)

as proposed in, Ref. 26 speeding up the processing

time. The whole surgical procedure would benefit

from this, as the surgery time could be potentially

reduced to about 1 h—much below the standard

open-reduction procedure (�100 min).

At the current stage of development, the RAFS

system is applicable to fractures in those who have

reached skeletal maturity—which is above the age of

17–18 in both sexes19—following the clinical workflow

described in this manuscript. Below this age, surgical

management of skeletal trauma is different to that of

adult trauma due to a combination of reasons includ-

ing the higher rate of bone healing, differences in

biomechanical properties of the bone, and considera-

tions for the growth (epiphyseal) plates.24 Overall there

is a higher threshold for operative intervention as

many fractures, even displaced ones, remodel well with

plaster treatment despite malreduction.4 For those that

do require operative intervention, the indications are

usually that of neurovascular compromise,5 or gross

intra-articular incongruity in a characteristic type of

joint fractures (e.g., distal tibial).22 In both cases

reduction is usually achieved closed and fixation car-

ried out percutaneously. In such cases it may be the-

orized that the RAFS system may be a suitable tool to

aid reduction. However certain technical obstacles,

such as the size of the fragments, and pin fixation in the

softer pediatric bone would need to be overcome first.

In summary, cadaveric trials demonstrated the

accuracy and effectiveness of the RAFS system, and its
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applicability and usability in clinical environment, thus

paving a way towards minimally invasive fracture

surgeries. Cadaveric trials provided valuable data for

future improvements. Methods to further improve the

success ratio will include a redesign of the RFMs which

can be made more compact but with a larger work-

space. The gripper system will be resigned to provide a

more stable gripping to avoid displacements between

pins and RFMs that can cause sub-optimal reductions.

Future work will be focused on the automation of the

intra-operative surgical registration to make the whole

surgical procedure quicker and more accurate. On the

control side, a hybrid force-position control and

mathematical model of the UGP could enable auto-

matic adjustment of the fragment positioning based on

force-torque feedback .
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