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Abstract— In this paper, a prototype exoskeleton is proposed 

to perform active finger movements to mimic a therapist for 

assessment of hand spasticity. Current methods for assessing 

spasticity are based on the subjective appreciation of 

physiotherapists as there is no quantifiably standardized method 

of evaluation and no rigorous method to record data for 

monitoring. For the purpose of imitating the therapist’s 

movements and recording data pertaining spasticity, servos are 

used to manipulate each joint in an index finger in a 

programmable and controlled way. Film type force sensors are 

used at fingertip to judge the maximum opening and closing 

capability of the patient’s hand in relation to the force which 

would be felt by a therapist due to the patient’s resistance to 

passive movement. Using potentiometers and positional data 

from the servo motors the trajectory of the finger joints is 

recorded in parallel to the fingertip force applied during the 

movement. The exoskeleton is a three degrees of freedom system 

which can move the index finger through an entire range of 

motion. The physical prototype and the software control module 

have been tested to validate the functionality of the mechanical 

structure, measuring, and recording capabilities. A GUI 

software tool is designed to be user friendly for the medical 

therapists and to produce a report document in a style familiar 

to them. Positive feedback was obtained from medical therapists 

about this initial prototype. 

I. INTRODUCTION 

In this study we present the development and initial tests 
with a hand exoskeleton prototype to be used for spasticity 
assessment (Fig. 1). The biological mechanisms behind 
spasticity are still not fully understood. A working definition 
that has been agreed on describes spasticity as a velocity-
dependent increase in the resistance to imposed movement [1]. 
Spasticity is an extremely common symptom seen in many 
neurological conditions, including head or spinal cord injury, 
stroke, cerebral palsy, and multiple sclerosis [2]. It is used as a 
general term for symptoms such as clonus, hypertonus, 
hyperreflexia, abnormal motor patterns or even weakness [3]. 
Common treatment comprises a combination of physiotherapy 
and medication, yet modern therapy concepts aim to limit or 
abstain from medication to avoid by-effects such as constant 
fatigue, reduced cognitive ability or reduced motor skills [4]. 
Physiotherapy involves measures to both relax the affected 
muscles and strengthen them, making sure there are no long 
phases of inactivity as muscles deteriorate measurably after 
only a few days of immobility [5]. This highlights the 
importance of constant dynamic activity that significant 
improvement can be achieved only if the patient and/or the 
patient’s family/carers carry out exercises at home on the 
affected limb joints [2]. Knowing precisely the severity of 
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spasticity of a patient could help doctors prescribe a proper 
treatment. According to [6], an early identification of the 
severity of symptoms and an adequate intervention to treat this 
pathology can minimise the development of long-term 
secondary complications, especially for children. 
Notwithstanding this lack of accuracy in the assessment, only 
a very few studies have addressed a valuable solution [7].  

Spasticity is assessed to judge the requirements of the 
patient’s rehabilitation program as well as to evaluate their 
progress and is usually done in a rehabilitation facility. One 
method of evaluation is the Ashworth Scale, which measures 
the quality of muscle reaction to passive movement at the 
shoulder, elbow and wrist [8]. Bohannon and Smith [9] 
improved the original Ashworth Scale by adding a new grade 
to the system. However, despite this adaptation Ashworth 
Scale did not prove to be sufficiently reliable with results being 
only around 63% accurate in [10]. Consequently, the Tardieu 
Scale, which was originally introduced in 1950s by G. Tardieu, 
was revisited and showed results of 94-100% accuracy in the 
same study [10]. The Tardieu Scale was improved further into 
Modified Tardieu Scale by Mehrholz et al. [11] by taking into 
account measurements of the muscle response at three 
different velocities. The Procedure of (Modified) Tardieu 
Assessment is schematically described in Fig. 2.  

Despite the high accuracy of the Tardieu Scale, this 
measurement system also shares, as the others, the risk of 
inaccuracy, as they all involve subjective judgement by a 
therapist. Even when carried out by experienced therapists, the 
point at which they draw the line between any two categories 
of level of severity of the condition might vary. A hand-
exoskeleton device that gathers the hand motion and force data 
could enable an objective use of the Tardieu Scale to achieve 
a more precise and robust assessment. 

An overview of hand exoskeletons for assistance and 
rehabilitation purposes can be found in [12], [13], [14]. The 
majority of these exoskeletons enhance the patient’s active 
grip as this is often not strong enough for lifting objects or 
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Fig. 1. Developed exoskeleton prototype for spasticity assessment. 

 



  

operating assistive equipment. However, this requires the 
patient to already have a certain level of control in the arm 
muscles as well as the cognitive ability to understand and carry 
out tasks. Further, it is often necessary for the patient to be able 
to sit or stand in a certain position as the exoskeleton is 
attached to an immobile apparatus, such as with the Armeo 
series by Hocoma [15].  

A device to assess spasticity must mimic the same 
movements a physiotherapist applies on a patient’s hand, 
without any active action by the patient and must follow a 
confirmed procedure such as the Tardieu Scale Assessment. 
These movements are basically based on stretching the limb to 
enhance flexibility and doing this motion repetitively to 
improve elasticity [16], [17]. In this study we develop an 
exoskeleton device along these lines that can be used for 
assessment and potentially also for therapy of spasticity. The 
device we propose (Fig. 1) is simple enough to be low cost and 
portable, enabling in-house usage, yet effective to fulfil the 
functions of a therapist as the design closely follows the 
requirements of the state-of-art therapy practices.  

II. DESIGN CRITERIA 

Contact force at the fingertip has been understood to be the 
most reliable method for controlling grasping force [16], [17], 
[18], which relates to the power of the motors to be used in an 
exoskeleton as in this study. For measurement of the contact 
force, force sensing resistors (FSRs), pneumatic pressure 
sensors, and strain gauge sensors are predominantly used [18]. 
The middle finger was shown to exert the greatest force while 
gripping: a maximum grip force of 80 N was measured 
between the middle fingertip and a suspension rope while 
holding a 3.5 kg weight suspended by a rope [19], [20]. For the 
design of the exoskeleton in this study, this level is an indicator 
for an upper limit on the power of the motors to be used, 
however a lower limit would be desirable as such high force 
might be unsafe for a patient with limited muscle capability. 
In order to determine the maximum point of opening of a limb 
a force sensor needs to be attached to detect resistance to the 
movement, as some patients have limited sensory capacity and 
would not be able to recognise and tell such limit points 
themselves, which might lead to mild injuries [21]. This force 
sensor serves as the basis for using the exoskeleton as a 
measurement device because it determines the range of motion 
with a certain contact force, similar to how the traditional 

assessment uses the contact force between the patient’s hand 
and the therapist’s hand to judge the joint limits. For an 
accurate assessment, specifically when using the Tardieu 
Scale, it is essential that the angles of the joints are accurately 
measured throughout each procedure. After a few initial 
prototypes and consultation to the medical therapists, the 
following design specifications were identified for and met 
with the current prototype robotic hand exoskeleton: 

1) Focusing on the opening and closing movement of the 
index finger as a first step. 

2) Having sufficient degrees-of-freedom to replicate the same 
movements of a physiotherapist/doctor; therefore, three 
degrees-of-freedom controllability is required for the index 
finger around the three finger joints; rather than an under-
actuated system with a synergetic movement of the three 
joints that could be realized with a single motor. 

3) Lightweight and portable design. 
4) Fitting an average-size man hand, rather than targeting an 

adjustable hand to all sizes (therefore, another version for 
women and for children should be developed afterwards).  

5) Having a full range of motion to reach the nominal full 
hand opening and closing capabilities. 

6) Fitted with two force-sensors, one on dorsal and one on the 
ventral of the fingertip in order to monitor the tension of 
the finger in both directions of movement. 

7) Fitted with potentiometers along the joints to accurately 
record the joint angles; rather than relying on the motor 
readings for these joints. 

8) The control system should be adaptable by the therapist to 
the condition of each patient, i.e. the (maximum) velocity 
and the (maximum) force range can be adjusted according 
to the patient’s status. 

9) Having powerful enough actuation to pull the hand to the 
maximum range of motion and hold for a desired time.  

10) Being comfortable to wear.  
11) Provision of safety solutions to minimise the risks of danger 

and injury to the patient. 
12) Provision of an easy to interpret record of data for 

assessment by the doctors, in a style they are used to. 

III. DEVELOPMENT AND IMPLEMENTATION 

In order to mimic a therapist’s procedure of assessment of 
spasticity, a control system was created to actuate the motors 
and monitor the contact force between the patient and the 
exoskeleton, so that the motors are stopped once a threshold 
force is achieved.  

A. Control Concept  

Tardieu Scale Assessment consists of the evaluation of two 
parameters: the quality of muscle reaction and the joint angles 
corresponding to the limits of movement range. Traditionally, 
quality is measured with the appreciation of the specialist and 
joint angles are measured with a goniometer. The maximum 
joint angle is recorded at three different speeds: as slow as 
possible (V1), while the limb segment is falling freely under 
gravity (V2), and as fast as possible (V3). The valuation is 
always performed with the same hand/arm posture. By moving 
the patient’s finger at a speed V1, the maximum range of 
movement can be identified and recorded to be used in the 
assessments with the other two speeds. 

 
Fig. 2. Procedure of (Modified) Tardieu Assessment 

 



  

The system first moves to the closed hand position and 
then, as schematically described in Fig. 3, the actuator 
controlling one of the three joints extends the joint at a constant 
speed. The value from the force sensor is monitored 
throughout the movement and if the force threshold is reached, 
the actuator stops, and the final joint angle is recorded as a 
limit on the range of the movement. The  actuator then resets 
to its original position, ready for the assessment of the next 
joint. This procedure is followed for the proximal 
interphalangeal (PIP), distal interphalangeal (DIP), and 
metacarpophalangeal (MCP) joints. Fig. 4 gives a schema of 
the overall control system to operate the exoskeleton. 

B. Graphical user Interface (GUI) 

The aim of the GUI was to create a software that could 
collect and analyse data and that would be intuitive for a doctor 
to work straight away with little training. For real-time 
monitoring by the doctor, it was necessary that the sensory data 
would be displayed in real time during the assessment. The 
force thresholds used to identify the ranges of movement and 
the velocity that is proper to be applied on the joints need to be 
set by the doctor depending on the status of the patient. In other 
words, the values V1, V2, and V3 should be identified and pre-
set by the doctor. Therefore, the user needs to easily change 
the speed values and force thresholds for the tests. The GUI in 
Fig. 5 was designed and developed to accompany the hand 
exoskeleton for these purposes. The following features were 
included in the GUI: 
- Activation of the exoskeleton for assessment in the three 

velocities (slow, under gravity and as fast as possible) 
mimicking the Tardieu Scale; 

- Depicting the force sensor and joint angle data in real-time; 
- Allowing inputs for force and velocity values as well as 

maximum joint angles to avoid hyperextension; 
- Printing and plotting the force and joint angle values on an 

output file for assessment by the therapist (not presented in 
this paper due to the page limits) and saving the collected 
data and the file. 

C. Electronic and Mechanical Components  

The exoskeleton is composed of three Dynamixel AX-12A 
servo actuators (Fig. 1). This motor is widely used in robotic 
applications as it is compatible with Robot Operating System 
(ROS) communication and designed to publish the speed, 
temperature, torque, position, and other useful parameters into 

ROS in real time. For our application, a 15.3 kg/cm of torque 
as rated for this motor was enough to actuate the finger joints 
and also not too high so that the finger cannot be damaged in 
case of any control errors.  

An Arduino Nano microcontroller was used to record data 
from the potentiometers on the joints and from the force 
sensors at the fingertip, in real time.  The microcontroller took 
sensor readings as analogue inputs and sent to the controlling 
laptop a digital data package with all the sensors values via the 
Serial port. Torque and speed data were recorded by the 
controlling laptop directly from the actuators via TTL to USB 
connection. The laptop controlled the motors through a UART 
module (universally asynchronous receiver/transmitter).  

Two force sensors (FSS1500NSB) have been used at the 
ventral floor and dorsal roof of the tip of the index finger to 
record the force applied by the fingertip during the assessment. 
A calibration was performed to ensure that the force readings 
were accurate and consistent across both sensors. Two 
potentiometers have been used to accurately measure the DIP 
and PIP joint angles. The MCP joint angle is directly computed 
using the motor angle. The potentiometers have a total 

 
Fig. 5. GUI used to operate the exoskeleton in different modes of assessment. 

 
Fig. 3. Workflow of operation of the exoskeleton to mimic the procedure of 
Modified Tardieu Assessment. 

 
Fig. 4. Simplified schema of overall control system to operate the 

exoskeleton. 

 



  

rotational angle of 300 degrees and a low rotational torque of 
1 to 8 Nm, indicating an insignificant friction.  

To ensure that the system was lightweight and portable a 
tendon driven mechanism was chosen to activate the PIP and 
DIP joints, which are distantly located from the motors. The 
system was designed in a way that each joint could be activated 
in both directions with one motor per joint. A spur gear 
actuation was preferred for the MCP joint as, unlike the other 
two joints, it was practically possible in design and as its 
position accuracy is better compared to a tendon driven 
mechanism. However, unlike the PIP and DIP, the MCP joint 
of each finger is difficult to be isolated from that of the other 
fingers, due to the lack of access to the joint from at least one 
side. Therefore, the spur gear actuation was designed to 
manipulate all knuckle joints together (all four MCP joints on 
four fingers). The gears were 3D-printed with high density to 
increase the robustness. The CAD model of the exoskeleton 
with the motors actuating the three joints is given in Fig. 6. 

Several features were incorporated to ensure that no 
damage would happen to the finger during assessment. Joint 
limits can be set in the GUI so that the hand will not move once 
any of the potentiometers reaches the threshold. Physical stops 
have been added to limit the range of motion of each joint to 
standard hand movement ranges: 110 degree for both the MCP 
and PIP joints and 100 degrees for the DIP joint. The overall 
system was equipped with a standard emergency button (not 
shown in this paper) to cut out all the power to the system in 
case of any failure and/or undesired system behaviour.    

The final version of the exoskeleton in Fig. 1 is created for 
a man with an average hand size (189 millimetres by 84 
millimetres). To secure the device to the patient’s hand, three 
straps are used with hook and loop fastening, which was a 
practical solution for easy and comfortable wearing. A small 
strap between the MCP and DIP joints is attached to prevent 
any detached movement of the finger from the exoskeleton. In 
this way it was ensured that the three joints of the index finger 
coincide with the three corresponding joints of the 
exoskeleton. The lateral movement of the finger is neglected 
as the MCP joints of four fingers are moving all together. 

IV. TESTING FUNCTIONALITY 

To test the functionality of the prototype a mock 
experiment was performed with a healthy subject (one of the 
authors). The subject did not have any known hand condition. 
During the assessment, the arm and palm were rested on a table 
to negate the weight of the exoskeleton and the subject was not 
resisting the movements of the exoskeleton. The position of 

the arm was in such a way to avoid any undesired tension 
during the assessment. The steps of the procedure are: 

1) Rest the arm of the subject. 

2) Create a new assessment file in GUI with the name of the 

subject. 

3) Start with V1 assessment for DIP, PIP and MCP joints that 

will identify the range of motion to be used in V3 

assessment; plot both force sensor and joint angle values 

after each assessment. 

4) Continue with V2 to see if the finger moves freely under 

gravity; plot both force sensor and joint angle values. 

5) Continue with V3 assessment for DIP, PIP and MCP 

joints, plot both force sensor and joint angle values. 

6) Finish by saving the assessment, in other words saving all 

the recorded data into an output pdf file. 

The mock experiment was planned so that it mimicked a 
certain limit of angle for each joint before the full range of 
motion was achieved. These were realized during the 
experiment just by holding the finger at these joint limits. 
These angles were then measured in advance as a control, to 
confirm whether the exoskeleton could detect them accurately.  

A. V1 Assessments 

The V1 assessment aims to identify the maximum range of 
motion for each joint at a slow controlled velocity. It is done 
at constant speed with a PID controller at the start 
(acceleration) and the end (deceleration) of the movement. The 
motor’s constant speed-facility is used in between these start 
and end movements.  The first joint assessed is the DIP. The 
time that the trigger is reached using the pre-set force threshold 
(1.2 N) is shown for the DIP joint in Fig. 7 (a,b). The motor 
(blue plot) stops and rotates back to its initial position after 
recording the joint angle corresponding to the trigger instant. 
The joint angle and tip force recording of V1 assessment for 
PIP joint are shown in Fig. 7 (c,d). The V1 assessment for PIP 
joint is more complex than the previous one because in this 
case the DIP joint must be released to be free synchronously 
with the actuation of the PIP joint, in order to achieve a natural 
PIP movement. The threshold is also set to 1.2 N and a 2 
second delay is set between the forward and backward 
movements. The third and final V1 assessment, for MCP, 
involves releasing the PIP and DIP motors to free motion 
synchronously with the MCP. We can see in Fig. 7 (e) that the 
DIP and PIP joints fluctuate but stay very close to zero.   

B. V2 Assessments 

Unlike V1 and V3, V2 assessment requires a single 
movement to detect the force, speed and final joint positions 
of a finger in a relaxed and passive motion due to gravity. This 
is a more complex assessment as it requires reacting as quickly 
as possible to the movement of the finger as it falls. To do this 
we move each of the joints downwards at the same rate as far 
as force above a pre-set and low-level threshold is detected on 
the ventral floor force sensor. Once no force is detected on the 
ventral sensor, we conclude that the finger has reached its final 
relaxed position (no pressing with the fingertip) and record the 
joint positions. The exoskeleton holds the finger at that 
position for eight seconds and then returns to the starting 
position. The plots for V2 assessment are given in Fig. 8. 

 
Fig. 6. CAD drawing of the hand exoskeleton with the three actuation joints. 



  

C. V3 Assessments 

V1 assessment provides the maximum range of motion for 
each joint and in V3 assessment, a fast movement is realized 
within these ranges. The aim is to detect a catch (resistance to 
movement) or a clonus (vibratory movement in both 
directions) at a certain angle during a quick stretch. Each joint 
is assessed separately with the results in Fig. 9. The full 
movement for each joint is realized in less than four seconds 
(whereas at V1 it was almost ten seconds). Please note that in 
these figures there is no evidence of a clonus because we 
experimented with a healthy subject with no hand disorder. A 
clonus would be represented as a rapid change of force signals 
due to oscillatory movement in between the dorsal and ventral 
sensors. However, a catch of resistance to the movement can 
be seen clearly at a timestamp of 171.5 seconds with the PIP 
measures and at 231.8 seconds with MCP measures in Fig. 9 
(c) and (e), respectively, with the corresponding resistive 
forces of 0.75 N and 0.5 N for PIP and MCP, respectively. We 
do not observe such a clear catch for the DIP joint in Fig. 9 (a). 

D. Discussion 

With a mock-up assessment experiment with a healthy 
subject, we have demonstrated the functionality of the 
exoskeleton as well as the utility of the GUI to perform the 
movements and record the essential data required for an 
assessment according to the Tardieu Scale. The prototype was 
able to perform assessments at different speeds on each of the 
three joints. Sufficient amount of force could be applied to 
open the subject’s hand to its full range and take a recording 

of position. The motors would stall if further force was 
commanded by the software, which acts as a safety feature.  

The experiments show that clear joint limits could be found 
using this system. Once the force values were reached the 
motors would immediately stop and the joint positions at that 
point could be recorded. Although it was not possible at this 
stage to verify detection of a clonus (as we did not experiment 
with subjects with spasticity), the groundwork is in place to be 
able to do this as the system records and depicts (in real-time) 
the required data for such detection.  By using potentiometers 
parallel to the two furthermost joints in the finger and by 
directly actuating the MCP joint with gears, accurate and 
timely positional data could be acquired. This data alongside 
the force data at the fingertip are the key elements when 
assessing a patient with spasticity. The motors could be 
activated properly using a velocity and position based 
controller.  

 
Fig. 8: Joint angle (a) and force sensor (b) values during V2 test. 

 

 

 
Fig. 1: Joint angle (a) and force sensor (b) values during V2 test. 

(a) MCP (red), PIP (green), and 

DIP (blue) angle at V2 
(b) Force values at V2:  

Dorsal (red), Ventral (green)  

 
Fig. 7: Joint angle (left column) and force sensor (right column) values 

during V1 test for DIP (a,b), PIP (c,d), and  MCP (e,f) joints. 
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(c)                                                  (d) 

 
Fig. 1: Joint angle (left column) and force sensor (right column) values 

during V1 test for DIP (a,b), PIP (c,d), and  MCP (e,f) joints. 

(a) MCP (red), PIP (green), and 

DIP (blue) angle for DIP at V1 

(b) Force values for DIP at V1:  

Dorsal (red), Ventral (green)  

(d) Force values for PIP at V1:  

Dorsal (red), Ventral (green)  

(f) Force values for MCP at V1,  

Dorsal (red), Ventral (green)  

(c) MCP (red), PIP (green), and 

DIP (blue) angle for PIP at V1 

(e) MCP (red), PIP (green), and 

DIP (blue) angle for MCP at V1 

 
Fig. 9: Joint angle (left column) and force sensor (right column) values 

during V3 test for DIP (a,b), PIP (c,d), and  MCP (e,f) joints. 

 

  
 

  
 

 
Fig. 1: Joint angle (left column) and force sensor (right column) values 

during V3 test for DIP (a,b), PIP (c,d), and  MCP (e,f) joints. 

(a) MCP (red), PIP (green), and 
DIP (blue) angle for DIP at V3 

(b) Force values for DIP at V3:  

Dorsal (red), Ventral (green)  

(c) MCP (red), PIP (green), and 
DIP (blue) angle for PIP at V3 

(d) Force values for PIP at V3:  
Dorsal (red), Ventral (green)  

(e) MCP (red), PIP (green), and 
DIP (blue) angle for MCP at V3 

(f) Force values for MCP at V3:  
Dorsal (red), Ventral (green)  



  

One of the requirements for the hand exoskeleton was to 
make its use relatively simple and straightforward for medical 
therapists. This was for setting the angular velocities and force 
thresholds and selecting among the different modalities of 
measurements, and finally producing a document depicting all 
the measurements in a systematic way for an easy diagnosis by 
the medical therapist. The GUI targeted these as a user-
friendly interface between the therapist and the electronic 
controllers of the exoskeleton. We have demonstrated the GUI 
and its output files to medical therapists2 and received 
confirmation that the prototype GUI had the required features 
necessary to assess a patient. They mentioned that it was 
flexible so that each joint could be separately examined, which 
would be useful if only certain joints were affected, and also 
because a specific sub-assessment could be selected rather 
than just running through an entire assessment.  

This prototype is promising for development of an 
exoskeleton as an automatic assessor and therapy device to 
quantify and monitor the progress of the passive range of 
motion achievable by a patient. It serves as a basis for further 
research and development, which would include designing 
similar prototypes for the other fingers as well as a prototype 
which would be fitted to all fingers. Further improvements 
could be made by adding extra force sensors to ventral and 
dorsal surfaces of each finger link. This would help make the 
assessments on the PIP and MCP joints more accurate. We 
also envisage that the system can be embedded with machine 
intelligence trained with data of real-patient assessments, in 
order to output automated assessment conclusions without the 
need for a doctor to process the raw sensory data.  

A limitation with the current design is that patients 
suffering from severe spasticity would not be able to use it due 
to the lack of any movement in their hand. The exoskeleton 
would therefore be rather useful as an early assessment and 
diagnosis device and as a device to monitor the change in a 
patient’s condition. The doctors we have spoken to have stated 
that it would be better to have an actuated wrist joint when 
performing the assessments, which is not currently met but 
could easily be achieved with some modifications to the 
design. Finally, Dr Wee Lam has commented on the benefits 
of such a device particularly for monitoring and assessing the 
hands of children, as rehabilitation is more common and 
effective with young patients.  

E. Conclusion  

In this study we developed a prototype of a low-cost and 
practical exoskeleton device for assessment and therapy of 
spasticity. With spasticity still not being completely 
comprehended but being researched intensively, quantified 
assessment and therapy devices would support our 
understanding an d treatment of spasticity.  Most importantly, 
a device as proposed in this study would provide an objective 
method of assessing the changes in spasticity after a patient 
received treatment. Furthermore, with some modifications of 
its control algorithms, this exoskeleton has also the potential 
to be used as a device for rehabilitation.  

 
2 The authors thank Dr Alyson Nelson of Astley Ainslie Hospital 

in Edinburgh, Dr. Philippa Rust and Dr. Wee Leon Lam of St John's 

Hospital in Livingston and of University of Edinburgh, for their 
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