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Abstract
Purpose The purpose of this study was to investigate if a new
tendon transfer surgical procedure that uses an implanted
passive engineering mechanism for attaching multiple ten-
dons to a single donor muscle in place of directly suturing
the tendons to the muscle improves hand function in physical
interaction tasks such as grasping.
Methods The tendon transfer surgery for high median ulnar
palsy was used as an exemplar, where all four flexor digitorum
profundus (FDP) tendons are directly sutured to the extensor
carpi radialis longus (ECRL) muscle to restore flexion. The
new procedure used a passive hierarchical artificial pulley
system to connect the muscle to the tendons. Both the
suture-based and pulley-based procedures were conducted
on N=6 cadaver hands. The fingers’ ability to close around
four objects when the ECRL tendon was pulled was tested.
Post-surgery hand function was evaluated based on the actu-
ation force required to create a grasp and the slip between the
fingers and the object after the grasp was created.
Results When compared with the suture-based procedure, the
pulley-based procedure (i) reduced the actuation force re-
quired to close all four fingers around the object by 45 %
and (ii) improved the fingers’ individual adaptation to the
object’s shape during the grasping process and reduced slip
by 52 % after object contact (2.99°±0.28° versus 6.22°±
0.66°).

Conclusions The cadaver study showed that the implanted
engineering mechanism for attaching multiple tendons to
one muscle significantly improved hand function in grasping
tasks when compared with the current procedure.

Keywords Tendon transfer surgery . Highmedian ulnar
palsy . Implant . Engineeringmechanism

Introduction

Tendon transfer surgeries are performed to partially restore
hand function for a variety of conditions such as stroke,
paralysis, nerve, muscle, brain or spinal trauma, and congen-
ital disorders [7, 15, 24, 25, 27]. The surgical procedure
involves re-routing one or more tendons from an affected
muscle and directly suturing it to (the tendon of) a functioning
donor muscle.

In at least 15 types of hand tendon transfer surgeries, a
single donor muscle is directly sutured to multiple recipient
tendons [15, 25], for example, the tendon transfer surgery for
high median ulnar palsy, a condition that paralyzes all four
bellies of the flexor digitorum profundus (FDP) muscle, the
flexor digitorum superficialis (FDS), and the intrinsic mus-
cles. This devastating condition precludes the flexion of fin-
gers, which in turn affects the performance of physical inter-
action tasks such as grasping. The current procedure to restore
finger flexion for this condition sutures all four FDP tendons
to the extensor carpi radialis longus (ECRL) muscle [7, 15, 25,
27] (see Fig. 1a, b; note that there are also procedures per-
formed on the intrinsic muscles for this condition [26]; how-
ever, they are not the focus of this paper.). However, this
procedure has a drawback. The suture directly couples the
movement of all four fingers and prevents the fingers from
adapting (conforming) individually to an object’s shape dur-
ing grasping tasks [11, 15, 19, 25]. Specifically, if one finger
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makes contact with an object during the grasping process
while the other fingers are still closing in, further ECRL
contraction to close the remaining fingers will force the finger
that has already made contact to curl further and slip on the
object. Furthermore, the muscle may have to stretch the ten-
don of the finger that has already made contact in order to flex
the other fingers, increasing muscle force requirement. Over-
all, this affects grasping capability and limits activities of daily
living [5, 6, 12, 14].

The tendon transfer surgery for median ulnar palsy is
used to investigate a new surgical procedure that uses a
passive hierarchical pulley system for attaching the donor
muscle to the recipient tendons in place of the direct
suture (see Fig. 1c, d). Inspiration for using these pulley
mechanisms in hand surgery comes from their successful
use in robotic hand design [4, 13]. This paper evaluates
the use of this pulley mechanism in a cadaveric human
hand. It is expected that the pulleys will enable the fingers
to adapt individually during grasping tasks. Specifically,
the additional passive degrees of freedoms offered by the
pulleys (translation and rotation inside the forearm) are
expected to enable each finger to adaptively close around
an object and create a better grasp (see Fig. 1c; such
mechanisms are termed “differential,” due to their ability
to transfer forces from one actuator to multiple joints
while allowing each joint to find its own equilibrium
[29].). The improved post-surgery hand function is tested
using two hypotheses:

Hypothesis I: The pulley-based procedure reduces actuation
force requirement when compared with the
suture-based procedure.

Hypothesis II: The pulley-based procedure improves adapt-
ability of finger movement in a grasping task
when compared with the suture-based
procedure.

Materials and Methods

Both the suture-based and pulley-based tendon transfer pro-
cedures were conducted on six cadaver arms with mean age of
90.6±2 years. The cadavers were thawed for a minimum of
24 h and had reached a steady-state temperature before the
first procedure was conducted on them. The arm was secured
with bone screws to a horizontal test rig with the ulnar side
along the table surface (see Fig. 2a). The fingers were set in
their rest position. A 3.5-cm-diameter rigid sphere on top of a
2.5-cm-height rigid stem was attached to the table surface in
front of the palm for grasping. Finger movement was created
using a linear servomechanism (positioning motor) that pulled
on the ECRL tendon. A single-axis load cell measured the
actuation force applied. For each arm, the suture-based pro-
cedure was performed first and the grasping task was con-
ducted. Then, the pulley-based procedure was performed and
the grasping task again performed.

In the suture-based procedure, the ECRL tendon was
routed in between the ulna and radial bones and directly
sutured to the four FDP tendons with an “end-to-side” tech-
nique [7]. The ECRL tendon was cut from the muscle belly
and attached to the linear servomechanism to produce tendon
excursion. In the pulley-based procedure, the ECRL tendon
was sutured to a cable attached to proximal pulley A (see
Figs. 1c, d and 2b). The ring and small finger FDP tendons
were sutured to a cable wrapped around distal pulley C, while
the index and long finger tendons were sutured to a cable
wrapped around distal pulley B. The heads of both pulleys
were attached with a cable that was wrapped around pulley A.
The proximal pulley had a diameter of 20 mm and was 10 mm
thick, weighing 4.6 g. The distal pulleys were 15 mm in
diameter and 10 mm thick, weighing 3.7 g. The cables were
made of pre-strained 0.86-mm nylon-coated stainless steel.
The forearms were sewn closed after the pulley mechanism
was in place.
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Fig. 1 a Hand musculature and tendons and tendon transfer surgery for
high median ulnar nerve palsy, where tendons are transferred from the
FDP to the extensor carpi radialis longus (ECRL) muscle. b Current

tendon transfer procedure using sutures. c The proposed procedure using
a pulley mechanism. d Prototype pulley mechanism implanted in cadaver
forearm for the study
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Synchronized data streams from the single-axis load cell,
motion capture system, and linear servomechanism were col-
lected using National Instruments LabVIEW [18] software.
The experimenter commanded the servomechanism’s excur-
sion in steps of 1.8 mm. The total servomechanism travel
never surpassed the ECRL’s optimal fiber excursion length
of 8.1 cm [16]. The servomechanism actuation was continued
until all the fingers made contact with the ball or a maximum
of 150 N in actuation force was reached. The actuation force
used was thus less than the ECRL’s maximum force of 304 N
[16, 22].

Four-millimeter reflective markers were placed on the fin-
gertips, distal interphalangeal (DIP) joints, proximal interpha-
langeal (PIP) joints, metacarpal phalangeal (MCP) joints, and
carpometacarpal (CMC) joints (see Fig. 2c, d) to track finger
movement using a five-camera OptiTrack motion capture
system [23] at 30 Hz. A separate video camera was also used
to record each trial. After each trial, the servomechanism was
reset while keeping the ECRL tendon taut, and the fingers
were manually returned to the rest position. An average of 5±
2 trials were conducted for each cadaver procedure pair.

Analysis

Actuation Force

To analyze the force required by the ECRL to grasp the
sphere, the actuation force applied by the servomechanism
was recorded at the point where all fingers made contact with
the ball for each trial by the single-axis load cell. The actuator
force measured for each procedure and subject was averaged
across the trials, such that Fsi represented the mean actuator
force for subject i for the suture-based procedure, and Fpi the
mean actuator force for the subject i for the pulley-based
procedure. In order to test if the pulley-based procedure en-
abled grasp creation at lower actuation forces (hypothesis I),
statistical significance of the force data for each subject was
tested with a one-sided paired t test between the procedures.

In addition, the ratio Rfi ¼ Fpi

Fsi
of the mean actuation forces

between the two procedures was also computed for each

subject i. The ratio of forces Rf i was averaged across all
subjects to compute RF.

Finger Movement During Grasping

The finger movement during a trial was processed using the
OptiTrack Motive motion capture software to create time
history data of each of the joint angles for each finger. Each
finger’s movement during the grasping process was quantified
as the sum of movement of all the joints (Σθi=θMCP +θPIP +
θDI P). The digital videos were analyzed to visually determine
the time that each finger contacted the ball, which defined the
stages of the grasping process.

This paper quantifies the adaptability in finger movement
during grasping as the relative movement of fingers that
have contacted the object with respect to the movement of
fingers that have not contacted the object [8]. The goal was
to show the improvement in grasping capability through the
entire grasping process and not just the final grasping state.
This is because the grasping process involves a staggered
interaction between the fingers and the object and the grasp
can fail at any point. With this goal, the grasping process
during each trial was split into four phases based on the
sequence of fingers making contact: phase 1, movement
beginning to first finger contact; phase 2, period between
first finger contact and second finger contact; phase 3,
period between second contact and third contact; and phase
4, period between third finger contact and fourth finger
contact (full contact). Each phase of the grasping process
is shown for subject 6 in Fig. 3. Note that in some trials,
some fingers made contact with the object at the same time.
Such trials would have fewer grasping phases.

For each of the grasping phases, the summation of the
change in joint angles, ΣΔθc, for the fingers that established
contact and the fingers that had not established contact,
ΣΔθnc, was computed for each phase. It was expected that
(i) the sum of the change in joint angles after contact ΣΔθc
would be lower for the pulley-based procedure when com-
pared with the suture-based procedure and (ii) the sum of the
change in joint angles after contact ΣΔθc would be less than
the sum of the change in joint angles ΣΔθnc for the pulley-

Fig. 2 a Experimental setup for evaluating post-surgery grasp capability. b Initial pulley design for concept test. cMarker placement on the fingers. d
Cadaver hand grasping the stemmed ball after the pulley-based procedure
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based procedure. This would indicate two things: (i) less slip
of the fingers on the object during the grasping process and
(ii) better adaptability of the fingers to the objects shape
during the grasping process. For the suture-based procedure,
ΣΔθc is expected to be equal to ΣΔθnc, showing coupled
finger movement through the grasping process. The move-
ment of the fingers that have not yet contacted the ball
ΣΔθnc was also compared for the suture-based procedure
and pulley-based procedures, in order to verify if the pulleys
hindered finger movement. Statistical significance was deter-
mined with an independent sample t test based on the mean
of the joint angle changes computed across all the trials and
subjects.

Results

A total of 29 trials for the suture-based procedure and 32 trials
for the pulley-based procedure were analyzed across all of the
subjects. Trials were omitted if the motion capture data could
not be trajectorized due to marker occlusion or the markers
could not be individually distinguished. This is because the
markers placed on the fingers can come very close to each
other during the grasping process. Figure 3 shows the time
history of finger movement and actuation force in order to
create the grasps following the suture-based and pulley-based
procedures. Figure 3a shows an example of the coupled
movement after the suture-based procedure, where the long

Fig. 3 An example of the phases of the grasping process, the actuation
force used, the finger movement, and the contact sequence for the a
suture-based procedure and b pulley-based procedure for subject 6.

Finger contact is identified with a darker line in the line drawings, which
were created from a trial video
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finger continues to move even after making contact because
the other fingers are closing in. In contrast, Fig. 3b shows the
adaptive movement after the pulley-based procedure, where
the little finger moves negligibly after making contact while
the other fingers close in. Also, the force required to create a
full grasp is much greater for the suture-based procedure when
compared with the pulley-based procedure.

Hypothesis I: Pulley-Based Procedure Reduces Actuation
Force Requirement when Compared with the Suture-Based
Procedure

Figure 4 shows the mean actuation force required for estab-
lishing full contact between the fingers and the object for the
pulley-based and the suture-based procedures. A paired t test
across all the subjects showed that the mean actuation force
required following the pulley-based procedure was signifi-
cantly lower than the force required for the suture-based
procedure (p value 0.03). Furthermore, the mean of the ratio
of forces across the subjects was RF=0.55±0.12, indicating
that the pulley-based procedure decreased force requirement
by 45 % on average across the subjects. Note that the
intersubject variability in actuation force required is likely
because of different innate properties of each cadaver such
as tendon or joint stiffness, finger lengths, finger rest position,
and slippage.

Hypothesis II: Adaptive Finger Movement
in the Pulley-Based Procedure

For the 32 trials for the pulley-based procedure, there were 73
phases during the grasping process between the time when
finger(s) made contact on the object and the subsequent fin-
ger(s) made contact (compared to an expected 96 if all fingers
touched at separate times). The 29 trials for the suture-based
procedure had 55 phases during the grasping process

(compared to 87 expected). The remaining phases could not
be analyzed due to incomplete motion capture data. The joint
angle changes for both procedures for fingers in contact with
the object and for fingers that had not yet made contact with
the object are presented in Table 1.

For the pulley-based procedure, the mean joint angle change
for fingers that made contact (ΣΔθc=2.99°±0.28°) was signif-
icantly different (p value <0.001) from the mean joint angle
change for fingers that did not make contact (ΣΔθnc=6.42°±
0.57°). The suture-based procedure mean joint angle changes,
ΣΔθc=6.22°±0.66° and ΣΔθnc=6.14°±0.75°, were not sig-
nificantly different from each other (p value 0.9). The mean
values of ΣΔθc across all six subjects for the pulley-based
procedure were significantly less (p value <0.001) than the
corresponding values for the suture-based procedure.

Discussion

Since grasping is a fundamental aspect of daily living, the
benefits of tendon transfer surgery need to be quantified in the
context of grasping tasks where the fingers physically interact
with the environment. However, prior work evaluates post-
surgery hand function only qualitatively [2, 25] or quantita-
tively for finger and wrist movement in free space without
external contact [11, 16]. The experiments in this paper begin
to address this issue by quantitatively testing through cadaver
studies the hypotheses that the pulley-based procedure leads
to a better grasping capability when compared with the suture-
based procedure.

A key aspect of the grasping process is that it is difficult to
predict which finger will make first contact with the object and
where on the object it will make contact due to uncertainty in
hand position or object shape. A healthy person overcomes
this uncertainty through control over individual finger flexion.
However, this is a significant issue for a patient with impair-
ments, since she may not have individual control of finger
flexion and proper tactile or proprioceptive feedback. Further-
more, the patient may be re-learning to use her musculature
after a tendon transfer surgery. Specifically, patients who

Fig. 4 Mean actuation force across all trials for each procedure and each
subject used to create full contact between the object and the fingers

Table 1 A comparison of finger movement between the two surgical
procedures

Procedure Mean joint angle change
for fingers that have made
contact ΣΔθc
(deg±standard error)

Mean joint angle change
for fingers that have not
made contact ΣΔθnc
(deg±standard error)

Pulley-based 2.99°±0.28° 6.42°±0.57°

Suture-based 6.22°±0.66° 6.14°±0.75°

N=6 subjects

120 HAND (2015) 10:116–122

Author's personal copy



undergo the suture-based procedure for restoring finger flex-
ion following high median ulnar palsy have coupled finger
movement. Thus, the fingers do not adapt individually to the
object’s shape during grasping, forcing the patient to perform
awkward wrist and arm movements to create a secure grasp.
This effect will be most prominent when grasping objects of
irregular shape.

The implanted pulleys in the new procedure address this
problem by enabling the fingers to individually adapt to the
object shape and close in on the object using 45 % less
actuation force than the force required following the suture-
based procedure (hypothesis I; see “Introduction”). The un-
used muscle force may be used to increase grip strength after
the fingers close in on the object. For example, for the suture-
based procedure, if the fingers make contact with the object in
a staggered fashion (either due to the object shape or tendon
tensioning error [1, 19]), then the muscle must stretch the
tendons of the fingers that have already established contact
with the object in order to close the fingers that have not yet
made contact. This would require greater actuation force than
normal finger flexion which would only work against the
much lower joint stiffnesses [3, 10]. Two benefits of the
reduced force requirement after the pulley-based procedure
are that (i) it could increase the number of candidate donor
muscles for the surgery and (ii) it will mitigate the effects of
losingmuscle strength that is typical in tendon transfer surgery
[7]. Finally, the cause for intersubject variability in actuation
force required should be evaluated in a larger study, either
cadaveric or simulation-based.

The pulley-based procedure also leads to significantly better
finger movement in terms of enabling the fingers to individually
wrap around the object even when actuated by just one muscle
(hypothesis II; see “Introduction”). This is quantified through
four major comparisons between the pulley-based and suture-
based procedures based on the movement of fingers before and
after making contact with the object (see Table 1). First, for the
pulley-based procedure, the mean joint angle change ΣΔθc for
those fingers that make contact is significantly smaller than the
mean joint angle change ΣΔθnc for the fingers that have not
contacted the object. This comparison shows that following the
pulley-based procedure, the fingers that made contact move
much less than the fingers that have not yet made contact and
that the grasp changes minimally after each stage of the grasping
process. Second, the mean joint angle change before and after
contact for the suture-based procedure is similar, showing that
the fingers have coupled movement even after contact has been
made. This implies that the fingers that havemade contact slip on
the object’s surface at the same rate that the fingers that have not
made contact close in on the object.

Third, the mean joint angle change for those fingers that
have made contact, ΣΔθc, across all six subjects is signifi-
cantly less for the pulley-based procedure when compared
with the suture-based procedure. This indicates that the fingers

that made contact after the pulley-based procedure do not slip
as much on the object as the fingers after the suture-based
procedure. Specifically, the suture-based procedure would
lead to more than 18° joint angle change in the first finger to
make contact at the end of a three-stage grasping process (see
Table 1; 3×6.22°), 12° for the second finger to make contact,
and 6° for the second finger that makes contact. This would
result in a significant difference between the initial and final
grasps. In contrast, the pulley-based procedure would only
lead to half of the joint angle change between the initial and
final grasps. Fourth, finger movement before making contact
with the object was similar for both the pulley-based and
suture-based procedures. This indicates that the pulleys do
not hinder finger movement.

These promising results from cadaver studies show that the
pulley-based tendon transfer surgery improves hand function
when compared with the suture-based procedure. However,
some challenges must be overcome before this procedure can
be used clinically. First, in addition to fabricating the device
using biocompatible materials such as titanium or ultra high
molecular weight polyethylene (UHMWPE), the mechanism
may have to be chemically coated to reduce fibrosis when
implanted in vivo long-term [30]. Second, the pulley-based
procedure also depends on technology to make attachments
between the biological tendon and the mechanism’s artificial
components [17, 21, 28]. Third, the mechanism may have to
be enclosed in a sheath of biocompatible material in order to
reduce injury to surrounding tissue while the mechanism
moves inside the forearm [9, 20]. Finally, note that the pulley
mechanism shown in this paper is only a prototype of one
embodiment of an engineering mechanism to create the dif-
ferential movement between the fingers when they are actu-
ated by one muscle. Smaller, thinner, and smoother embodi-
ments of this fundamental mechanism should be investigated.
Immediate future work will include conducting an examina-
tion of the grasp force on the object, using a larger number of
cadaver samples, and improving mechanism design.
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