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a b s t r a c t 

The use of robotic systems combined with force sensing is emerging as the gold standard for in vitro 

biomechanical joint testing, due to the advantage of controlling all six degrees of freedom independently 

of one another. This paper describes a novel robotic platform and the experimental protocol used for hip 

joint testing. An experimental protocol implemented optical tracking and registration techniques in order 

to define the position of the hip joint centre of rotation (COR) in the coordinate system of the robot’s end 

effector. The COR coordinates defined the origin of the task-related coordinate system used to control the 

robot, with a hybrid force/position law to simulate standard clinical tests. The axes of this frame were 

defined using the International Society of Biomechanics (ISB) anatomical coordinate system. 

Experiments were carried out on two cadaveric hip joint specimens using the robotic testing plat- 

form and a mechanical testing rig previously developed and described by our group. Simulated internal- 

external and adduction/abduction laxity tests were carried out with both systems and the resulting peak 

range of motion (ROM) was measured. Similarities and differences were observed in these experiments, 

which were used to highlight some of the limitations of conventional systems and the corresponding 

advantages of robotics, further emphasising their added value in vitro testing. 

© 2018 The Authors. Published by Elsevier Ltd on behalf of IPEM. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Advances in computer science and sensor technology have ex-

anded the use of robots to cover new grounds in aerospace,

ining, environmental monitoring, medical engineering and sev-

ral other applications that require high accuracy, repeatability,

anoeuvrability and flexibility. In biomechanics, robots combined

ith force sensors are replacing conventional systems built around

nstruments where one or two degrees of freedom (DOF) are con-

rolled in displacement while the remaining DOFs are controlled

sing weights or passive mechanisms. Robotic systems have been

hown to offer significant advantages in terms of controllability

ver all degrees of freedom in the task space, an ability to re-

lay a recorded motion with high accuracy, and acquisition of syn-

hronous readings of forces/torques and motion at high frequency

ates. 

Conventional in vitro methods incorporated universal testing

achines to examine hip joint mechanics [1–3] . In addition, a hip

esting rig was previously developed at Imperial College London to

xamine passive range of motion (ROM) and capsular restraint [4] .
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A robotic testing platform was developed to extensively test

nee joint mechanics [5–8] . Compared to other platforms, the be-

poke holders which secure the specimen inside the platform were

esigned to accurately reposition the joint after removing it out of

he platform [8] . Robots have been widely used for cadaveric knee

oint testing [9–14] and also expanded to test other joints, such

s the spine [15] , the shoulder [16] and, more recently, the hip

17–20] . The clear advantage of the robotic systems, equipped with

orce sensors, is that it can accurately control over all DOFs of the

oint in force or displacement, and can apply a given force/torque

nd/or motion to an environment, while recording the resultant

otion, forces and torques. As a result, one of the most substan-

ial contributions the robotic platform provides is that it can accu-

ately and precisely play back the previously recorded motion (i.e.,

epeating the identical pathway of motion [6] ), which cannot be

chieved with conventional testing setups and instruments. 

To control these robotics platforms, an accurate definition of

he task related coordinate system should be elaborated. This

rame is then used to express the forces/moments and displace-

ents/rotations of the tested joints. Previous studies determined

he origin of this frame experimentally using a force control op-

imisation process where the head of the femur was pressed into

he socket to find the point where only forces, not moments, were

mparted by the head [21] . Other studies defined the hip joint cen-
en access article under the CC BY license. 

https://doi.org/10.1016/j.medengphy.2018.10.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2018.10.006&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:h.el-daou@imperial.ac.uk
mailto:f.rodriguez@imperial.ac.uk
https://doi.org/10.1016/j.medengphy.2018.10.006
http://creativecommons.org/licenses/by/4.0/


58 H. EL Daou, K.C.G. Ng and R. Van Arkel et al. / Medical Engineering and Physics 63 (2019) 57–62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Robotic testing platform composed of: 1- Staubli Tx90 Robot, 2- Bespoke 

Pelvic holder, 3- Bespoke Femoral holder, 4- Universal Force-moment Sensor (UFS), 

5-Divot on the femoral pot, 6- Conical headed screw, 7- Femoral pot, 8-Pelvic pot, 

9- Divot on pelvic pot, 10-Linear sliders on the pelvic pot. 
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a  
tre using a best-fit sphere describing locations collected on the

femoral head surface with the capsule intact [17] . In all these stud-

ies, the axes of this frame were defined using the ISB coordinate

system [22] and aligning the frame axes with those of the Univer-

sal Force Sensor (UFS). Knowing the femoral head is naturally con-

choidal and slightly aspherical in shape [23] , the issue with defin-

ing the task related coordinate system would become even more

problematic with any hip morphology. 

The purpose of this study is to implement a new method to

design and control a robotic testing platform to study hip joint

biomechanics. The new method differs from those previously de-

scribed in terms of the experimental protocol used to define the

centre of rotation (COR) of the hip in relation to the end effector

of the robot and the task-related coordinate system used to control

the robot. This is complemented by the unique design of testing

fixtures allowing high precision in repositioning the specimen in

the platform. 

2. Materials and methods 

2.1. Hip joint preparation 

Two fresh, frozen cadaveric hips ( n = 2 males; side = left, right;

age = 55, 31 years; BMI = 19, 24 kg/m 

2 ; respectively) were used.

Initially, each specimen was intact with full pelvis and femurs,

then skeletonized to the hip joint capsule (i.e., removal skin, fat,

muscles). Four small bone screws were placed on each hemipelvis,

to serve as fiducials at specific landmarks: anterior superior il-

iac spine (ASIS), pubic symphysis, medial wall of the iliac crest,

and posterior superior iliac spine (PSIS); for both left and right

hemipelvises for each specimen (total of eight landmarks around

the pelvis). The fiducials were then digitized using an optical

tracking system (Optotrak Certus, Northern Digital Inc.; accu-

racy = 0.1 mm, resolution = 0.01 mm) and used to define the pelvis

coordinate system ( R P ) relative to its left and right sides. The pelvis

and femur were aligned and prepared according to an established

protocol that considered the International Society of Biomechan-

ics (ISB) recommendations [22] . Each specimen was then separated

into two hemi-pelvises (sectioned at the sacroiliac and pubic sym-

physis joints) and ipsilateral hip joint, with the proximal-third of

the femur truncated at the proximal diaphysis. The femur was se-

curely potted into a cylindrical pot, while the pelvis was potted

into a custom box pot, both using polymethyl methacrylate. 

After potting the hip joint, two coordinate systems attached to

the femur and the pelvis were defined using the computer numer-

ical control (CNC) machined hemispherical holes, henceforth re-

ferred as divots, on the femoral pot and the screws on the pelvis

( R F and R P ; Fig. 3 ). The potting protocol defined the coordinates

of the axes of the ISB coordinate system on each bone in each

of these frames [24] . Rigid body markers were then attached to

each bone, the divots on the femoral pot and the fiducial screws

were then digitised to determine the transformation matrices be-

tween the coordinate system associated with the divots and the

rigid body markers on each of the bones. These two coordinate

systems were used to find the transformation matrix between the

robot and the passive mechanical rig setups. 

2.2. Robotic testing platform 

The platform comprised of a Stäubli robotic arm (TX90, Stäubli

Ltd, Switzerland), a six-axis universal force-moment sensor (UFS,

Omega85, ATI Industrial Automation, Apex, USA) and two bespoke

holders ( Fig. 1 ). The manipulator has six DOFs, a payload of 200 N

and a repeatability of ± 0.03 mm. The UFS has a force sensing range

of 3800 N in the tension/compression direction (Z-axis) and 1900 N

in the other directions, with a resolution of 3/7 N in the Z axis and
/7 N in the remaining axes. The torque sensing range is 80Nm for

ll axes, with a resolution of 7/748Nm in the Z axis and 5/374Nm

n the other directions. The errors in repositioning the robotic plat-

orm (specimen path repeatability) were assessed in an earlier

tudy and equal to 0.11 mm and 0.12 ° [8] . 

To securely hold the hip joint into place, one of the holders

s attached to the ground and locks the pelvis pot into position.

 second holder secures the femoral pot to the robotic manipu-

ator, with a UFS is mounted in between. To allow high precision

hen repositioning the specimen once removed from the platform,

oth holders are designed to lock the bone pots in a slide fit us-

ng a screw with a conical head inserted in a cone shaped divot

rilled on the surface of the pot. A similar approach was previ-

usly used to design the knee joint fixtures and was reported high

recisions when repositioning specimens [8] . The pots and holders

ere manufactured with multiple hemispherical divots that were

igitised using a four marker probe to define the pose of every

lement of the platform with respect to the global frame of the

obot. 

To define relative position of this holder with respect to the co-

rdinate system of the robot’s end effector coordinate system, a

odel based calibration process was used. This was carried out by

oving the robot into different configurations and tracking a rigid

ody marker attached to its end effector using the optical tracker.

he transformation between the rigid body marker and the femoral

older was found by digitising the divots on the holder and syn-

hronously tracking the rigid body marker while the robot is held

n a static position. A mathematical model was used to calculate

he nominal position of the divots in the optical tracker coordinate

ystem. A nonlinear parameter estimate solution was used to iter-

tively estimate the relative position of each of the divots toward

he end effector’s coordinate system [25] . These points defined a

ool coordinate system (R T ) attached to the femoral holder. 

To simulate the tests applied clinically on a hip joint, a hybrid

orce/position controller was used, allowing decoupled control of

ach of the six DOF in force or displacement. This control law re-

uired the definition of a task related coordinate system (R C ) [26] .

he coordinate system used to control the robot was centred in the

OR point and had its axes defined using the ISB convention [22] .

he potting procedure and the femoral pot design insured that the

xes of the control frame were coaxial with those of the robot’s

nd effector and the UFS. From a control point of view, R C was

sed as a virtual end effector coordinate system. 

.3. Testing protocol 

The femoral pot was locked inside the robot’s femoral holder

nd the divots on the holder and the pot were digitised to
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Fig. 2. Layout of different coordinates systems used for testing. 1- Divots on 

femoral pot, 2- Divots on femoral holder, 3- Rigid body markers on the femur, 4- 

Rigid body marker on the pelvis, 5- fiducial screws on the pelvis. 

Fig. 3. Robotic testing setup. 1-Femoral holder, 2-Divots on femoral pot, 3-Divots 

on femoral holder, 4-Rigid body markers, 5-Pelvic holder, 6-Pelvic fiducial screws, 

7-Pelvic pot. 
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etermine the transformation between the femoral pot and the

obot’s end effector. 

The pelvic pot was then secured inside the pelvic holder and

wo rigid body markers were attached to the femur ( Fig. 2 ). With

he femur held in a static position, the divots on the femoral pot

ere digitised and the pose of the rigid body marker was mea-

ured to determine the transformation between the coordinate sys-

em associated with the divots and that of the rigid body marker.

he femur was moved manually throughout its ROM, as described

y Camomilla et al. [27] , whilst tracking the positions of the rigid

ody markers. A sphere fitting, least squares approach was used

o define the coordinates of the centre of rotation of the femoral

ead in R F . This also provided the coordinates of this point in the

nd effector coordinate system ( R e ) and R T , once the specimen was

ecured in the platform. 

Rotation laxities were measured in response to 5-Nm AB/AD

nd 4-Nm IE torques respectively. The values of these torques were

hosen based on similar studies to reach a maximal amplitude of

otion, but not go beyond the limit that would damage the joint

17] . During the IE test, the AB/AD orientation was preserved under

osition control and vice-versa. One hip was used for the IE tests

nd the other for the AB/AD tests, as both tests were carried out

n different days. The AB/AD tests were carried out at two flexion

ngles 30 ° and 90 ° whilst the IE ones were performed at 0 ° and

0 ° of hip flexion. 

In the robotic trials, the hip was secured inside the platform at

ull extension. The neutral position was then found by minimising
orces and moments acting across the hip at full extension using

he hybrid force/position controller. The hip was driven into differ-

nt flexion angles at fixed IE and AB/AD rotations while minimising

orces in all directions. The CS (R C ) was used to report the transla-

ions and rotations with respect to hip anatomical axes. 

.4. Mechanical test rig 

To better understand the differences from previous conven-

ional systems, the hip joint specimens were tested first in a me-

hanical test rig, that was previously developed [28] . Tests were

arried out first in the conventional rig because the setup of the

pecimen is longer than that of the robot and experiments needed

o be repeated more than once for the ad/abduction tests. This

ig was composed of two setups: one was attached to a dual-axis

ervo-hydraulic universal testing machine (model 8874, Instron

td, UK), equipped with a two-degrees-of-freedom (tension/torque)

oad-cell; and the other was a passive system, where a torque was

pplied using ropes and hanged weights to a wheel. To measure

he static amplitude of motion in abduction/adduction, readings

ere recorded by eye off a large disc wheel, after a 5-Nm torque

as applied from the hanging weights. To compare the measure-

ents from the rig in the same starting position as the robot, rigid

ody markers were attached to the femur and the pelvis to track

heir motion. Fiducials on both bones were digitised in a static po-

ition to define the position of their associated frames in relation

o the rigid body markers. 

. Results 

.1. IE rotations 

Table 1 shows the results for IE rotations from the robot and the

ncoders of the testing machine for full extension and 30 ° flexion.

he ROMs measured by the robot and the Instron for full exten-

ion and 30 ° were within a few degrees of each other, (47.9 °± 0.5 °,
4.94 °± 0.1 °) and (56.6 °± 0.35 °, 55.34 °± 0.18 °), respectively. To in-

estigate this, the pose of the rigid body marker on the pelvis was

ssessed during the motion. The results ( Fig. 4 ) showed that the

-y table of the conventional rig had a couple of degrees backlash

ue to the inherent tolerance stack associated with stacking linear

earings. This was not the case with the robot, as the live minimi-

ation of forces in the x-y direction is managed by feedback from

he load cell (i.e. no x-y table is required). With the mechanical

est rig design, the rotations of the pelvis were not restrained, as

he rigid body marker changed its orientation during the IE motion

f the femur. Table 1 also shows two measurements from the con-

entional rig computed from the Certus readings: that of the femur

rom its neutral position and the relative IE rotation of the femur

oward the pelvis. Differences were observed as the ROMs from

oth measurements for full extension and 30 ° were (44.81 °± 0.1 °,
9.3 °± 0.01 °) and (55.19 °± 0.49 °, 50.28 °± 0.14 °). 

.2. AB/AD rotations 

As for the case of IE assessment, optical tracking was used

o express the rotations from the robot and the rig in the same

S. In the mechanical test rig, eyeball readings were used to

easure the resulting rotations. A comparison of the actual ro-

ations recorded during ad/abduction laxity tests of the robot is

rovided in Table 2 . The ROMs for the AB/AD tests measured

y the robot, the Certus, and the visual readings at 30 ° and

0 ° were (48.3 °± 0.1 °, 42.1 °± 0.54 °, 42.5 °± 0.7 °) and (68.9 °± 0.14 °,
9.4 °± 0.7 °, 65.5 °± 0.7 °), respectively. There were similarities in

he results at 90 °, specifically those measured by the Certus and
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Table 1 

Measured rotation for internal/external laxity tests at 0 ° and 30 °: α1 , α2 = rotation angles under 4Nm of Internal–External rotation torque measured by the mechanical rig 

and the robot respectively; α3 = Relative rotation between the femur & the pelvis measured by the Certus; α4 = Rotation of the Intron’s linear axis measured by the Certus. 

Flexion Angle Internal Torque 4 Nm External Torque 4 Nm 

0 ° 30 ° 0 ° 30 °

α1 9.56 °± 0.05 ° 10.82 °± 0.18 ° 35.38 °± 0.03 ° 44.52 °± 0.03 °
α2 8.60 °± 0.26 ° 8.34 °± 0.25 ° 39.30 °± 0.43 ° 48.25 °± 0.24 °
α3 8.07 °± 0.05 ° 7.84 °± 0.13 ° 31.23 °± 0.01 ° 42.44 °± 0.06 °
α4 9.30 °± 0.1 ° 10.93 °± 0.37 ° 35.51 °± 0.07 ° 44.26 °± 0.32 °

Fig. 4. Change of orientation of the pelvic coordinates system ( R P ) during an IE cycle for 0 ° (a) and 30 ° (b) of hip flexion Internal–External (IE), Flexion-Extension (FE) and 

Ab/adduction (Ab/Ad). 

Fig. 5. Graph of IE rotations and COR anterior-posterior displacement for 4Nm IE torque applied at 30 ° of hip flexion using the robotic platform. 

Table 2 

Measured rotation for ad/abduction laxity tests at 30 ° and 90 °: β1 , β2 , β3 = Rotation 

angles under 5Nm of ad/abduction rotation torque measured with the mechanical 

rig (Read by eye and Certus readings) and the robot respectively. 

Flexion Angle Abduction Torque 5 Nm Adduction Torque 5 Nm 

30 ° 90 ° 30 ° 90 °

β1 29.7 °± 0.7 ° 37.7 °± 0 ° 12.8 °± 0 ° 27.8 °± 0.7 °
β2 29 °± 0.2 ° 40.2 °± 0.7 ° 13.1 °± 0.5 ° 29.2 °± 0 °
β3 33.7 °± 0.1 ° 40.5 °± 0.1 ° 14.6 °± 0 ° 28.4 °± 0.1 °
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the robot. However, an error can be observed between the eye-

ball and the Certus readings. This error becomes smaller at 30 °,
but the error between robot- and Instron-based readings becomes

more important at this flexion angle. 

3.3. COR translations 

The robotic testing platform allowed synchronous readings of

forces/torques and translations/rotations for all DOFs. This enabled

us to assess secondary motion for every laxity test applied to a

specimen. As such, Fig. 5 shows the translation of the COR during
E tests at 30 ° flexion. This graph shows that, when the femur was

ubjected to 4 Nm internal torque, the COR moved by 0.7 mm an-

eriorly while it moved posteriorly by 4.2 mm when the femur was

otated externally by a 4 Nm torque. 

. Discussion 

As with any other testing method involving musculoskeletal ap-

lications (i.e., in vivo, in silico ), there are many inherent limi-

ations associated with in vitro cadaveric experiments (e.g., small

ample size, tissue quality, subject-specificity or misrepresentation

f a cohort, translation of data, etc.). Therefore, it is imperative to

ncrease the accuracy and reliability of in vitro cadaveric testing in-

truments and methods, in efforts to adequately limit confounding

ariables, interpret the results and clinical significance. The aim of

his study was to highlight the recent advancements in hip joint

esting using a robotic testing platform. 

Methods and experimental protocols used to develop and con-

rol a robotic platform for hip joint testing were presented. Com-

ared to existing robotic platforms, the one described in this study

as the advantage of repositioning the specimen with high preci-

ion due to the design of the specimen holders. This can permit
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sers to remove the specimens and allow surgeons to practice and

est surgical procedures that cannot be performed when the spec-

men is mounted in the platform. Subsequently, the specimen can

asily be repositioned. The experimental protocol also used opti-

al tracking and registration techniques to define the position of

he COR and the ISB coordinate system of each hip femur toward

he robot’s end effector. This COR and ISB coordinate system were

sed to define the task specific coordinate system used by the hy-

rid force/position controller. 

Compared to conventional systems, the major advantages of the

obotic platform were the high accuracy in applying/measuring

oads and displacements in all DOFs of a joint, made possible by

sing force sensing and a custom-made rig to facilitate reposition-

ng the specimens. With such a setup, human intervention was

imited to securing the specimens inside the robot and running

ode that planned, controlled and measured the resulting forces

nd motion for all DOFs, with a clear improvement in experimen-

al robustness and the accuracy and repeatability of the measure-

ents. The 6 DOF robotic system validated by Goldsmith et al.

17] for repeatable evaluation of hip passive path and ROM clini-

al exams demonstrates a vast improvement in system repeatabil-

ty compared to manual exam. 

In addition, the robotic testing platform can track the trajectory

f the hip joint at any position during internal–external, flexion-

xtension, abduction-adduction rotations. With the recorded mo-

ions, the robotic platform can replicate the path and permit the

ip to perform the exact same motion. Combined with the abil-

ty to precisely reposition the specimen in the holders, users can

rst capture the path motion under load-control conditions (e.g.,

nternal–external rotation to 4 Nm). After users remove the speci-

en, to perform any surgical procedures, and remount the spec-

mens onto the holders; the robotic platform can then playback

he initial recorded path of motion, in examine if there were any

hanges in internal–external torsional restraint [6] . 

To further illustrate these advantages, the experiments carried

ut with the robotic system were compared with an existing me-

hanical rig. Unsurprisingly, results showed differences and similar-

ties in the resulting rotations. For the IE case, the robot measured

 greater ROM than the conventional rig, which was expected, as

he specimen was tested second in the robotic system and thus

ill have deteriorated slightly from the first test and the conven-

ional rig x-y table demonstrated a backlash that had a tolerance

tack that could have influenced the results. For the AB/AD case,

ne of the limitations of the conventional rig was the absence of

easurements of the applied torque. Readings from both rigs were

xpressed in the same starting position using a registration tech-

ique based on optical tracking, which may have been a source of

rrors in measuring the internal, external, AB/AD rotations. How-

ver, such errors would not have had any effect on measuring the

verall ROM during a given test. 

. Conclusion 

This study introduced methods and experimental protocols to

esign a novel robotic testing platform to examine native hip joint

iomechanics. These methods are not specific to one platform and

ould be applied for other platforms and joints. A registration

ethod based on using CNC machined divots, optical tracking and

obotic calibration techniques were used to define the position of

 least squares estimate of the COR toward the robot’s end effec-

or and to measure its motion toward the robot and the pelvis.

his COR was used as the origin of the task related coordinate

ystem whose axes are co-axial with those of the ISB coordinate

ystem for the femur. In comparison with an existing mechani-

al test rig, the robotic system demonstrated substantial improve-

ents in terms of its ability to position the hip by minimising the
orces acting on it and avoiding inherent tolerance stacking lim-

tations with mechanical fixtures required to release degrees of

reedom. Given advances in robotic technology, this data provides

trong support for the implementation of robotic testing platforms

n biomechanics and orthopaedics as a standard, given their supe-

iority to traditional testing instruments and methods. We expect

he new robotic testing platform to support all future hip-related

tudies in our laboratory. 
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