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Abstract
Loss of independent joint control due to abnormal coupling of shoulder and elbow torques 
(i.e., abnormal synergies) is a common impairment after stroke and has been linked to poor 
upper-extremity function in stroke survivors. Previous research has shown that the flexor synergy 
(i.e., shoulder abduction coupled with elbow flexion) can be treated by progressively increasing 
shoulder abduction loading during elbow extension exercises. However, this finding has not been 
implemented in planar reaching exercises, as this requires a clear understanding of the relationship 
between external forces on the hand and elicited joint torques when reaching for different targets 
on a table. The objective of this study was to model this relationship and determine reach/force 
combinations that could be used to counteract either the flexor or extensor synergies. We used a 
musculoskeletal model to compute shoulder and elbow joint torques when reaching for targets on 
a table against different force directions and magnitudes. We found that force direction modulated 
the coupling of shoulder and elbow torques and force magnitude scaled each torque uniformly 
such that the extent of coupling remained the same. Additionally, we found that forces on the 
hand could be used to gradually increase the magnitude of simultaneous shoulder and elbow 
torques that counteract either the flexor or extensor synergy. These results provide the foundation 
to develop therapeutic interventions that address abnormal joint couplings following stroke using 
forces on the hand during planar reaching. Future studies should examine the therapeutic benefits 
of these findings in patient populations such as stroke.
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Introduction
Stroke affects millions of people every year and many who survive suffer from motor 
impairments (WHO, 2002). One such motor impairment is abnormal muscle coordination, 
which can often hinder independent joint control. For example, the “flexor synergy” in 
stroke survivors refers to shoulder abduction coupled with involuntary elbow flexion, 
forearm supination, and wrist and finger flexion (Dewald et al., 1995; Twitchell, 1951). 
This abnormal flexor synergy results in a significant loss of independent joint control and 
has been shown to contribute to upper-extremity functional deficits more significantly than 
muscle weakness (Beer et al., 2007; Sukal et al., 2007) or spasticity (Ellis et al., 2017). 
Stroke survivors often compensate for the lost independent joint control by leaning forward 
to reach for objects rather than extending their elbow. This can help a stroke survivor 
accomplish daily tasks (e.g. reaching for a glass, brushing teeth, etc.) but long-term reliance 
can prevent the restoration of healthy movements (Levin et al., 2009). Therefore, experts 
have recommended that post-stroke rehabilitation should directly address the flexor synergy 
and its complement: the extensor synergy (i.e., coupled shoulder adduction with elbow 
extension, forearm pronation, and wrist and finger flexion (McPherson and Dewald, 2019)) 
(Ellis et al., 2016, 2017)

Previous research on flexor and extensor synergies has revealed meaningful information 
and methods to target them in rehabilitation. Specifically, prior studies have shown that 
volitional elbow extension reduces as shoulder abduction torque increases (Dewald et al., 
1995; Sukal et al., 2007), and likewise elbow flexion reduces as shoulder adduction torque 
increases (McPherson and Dewald, 2019). This discovery prompted studies during which 
participants progressively increased their shoulder abduction torque during elbow extension 
exercises. After several weeks of training, participants improved in both kinematic and 
clinical measures of impairment (Ellis et al., 2009, 2018). While no similar study has been 
conducted for the extensor synergy, both synergies are believed to result from increased 
reliance on contralesional cortico-bulbospinal motor pathways and can co-exist in stroke 
survivors (McPherson and Dewald, 2019). Therefore, one could reasonably expect that 
progressively increasing shoulder adduction during elbow flexion movements would also 
benefit patients with this motor impairment. While the paradigm of combining shoulder 
abduction with elbow extension exercises has significant clinical potential, previous studies 
have performed this training isometrically at 90° of shoulder abduction (Ellis et al., 2009, 
2018), which has some limitations. First, isometric shoulder abductor contractions may not 
translate to dynamic tasks, which are commonly involved in many activities of daily living. 
Further, reaching with 90° of shoulder abduction may not be functionally relevant to typical 
usage of the upper-extremities (e.g., reaching for an object on a table), which is critical 
to induce experience-dependent plasticity (French et al., 2009; Kleim and Jones, 2008). 
Additionally, targeting both synergies (i.e., flexor and extensor) in a continuous training 
session would require a device that quickly transitions between shoulder abduction and 
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adduction torques. This is possible with an active (motorized) device, but such a device 
would be expensive, clinically impractical, and potentially harmful to the user if the device 
malfunctions (Chang et al., 2018). Therefore, to expand the clinical potential of these 
training paradigms, we should reformulate them so that they are relevant to functional tasks 
and safe and inexpensive to implement.

One approach to address abnormal torque coupling (caused by abnormal synergies) is 
by applying controlled forces to a participant’s end-effector (i.e., hand) as they reach 
for objects on a table (Figure 1A). For instance, a right-handed reach forward along a 
straight-line path requires the participant to extend their elbow (Figure 1B). A force pointed 
towards the participant’s midline perturbs their hand motion, requiring them to generate a 
shoulder abduction torque to counteract the perturbation and maintain the desired trajectory. 
Therefore, it may be possible to target abnormal joint couplings during reaches for targets on 
a table using the progressive loading approach discussed above (Ellis et al., 2018). Reaching 
for objects on a table is more typical for the upper-extremity. Also, training like this would 
be inexpensive and safe because it can be easily paired with existing clinical therapies (e.g., 
table slides) and rehabilitation robots (Chang et al., 2018; Hogan et al., 1992; Kikuchi et 
al., 2009; Saracino et al., 2016; Washabaugh et al., 2019). Further, we can conceptualize 
this training during table-level reaching as a type of “functional resistance” or “functional 
strength” training for the flexor/extensor synergies. Functional resistance training is an 
approach where the muscles are loaded in a task-specific manner to combine therapeutic 
gains from both task-specific training and strength training (Washabaugh et al., 2020). This 
combination allows for uniquely beneficial rehabilitation approaches (Brown et al., 2021; 
Donaldson et al., 2009; Graef et al., 2015). However, before a designing a therapeutic 
intervention using this approach, we must first determine methods of using forces applied to 
the hand to progressively increase simultaneous joint torques at the shoulder and elbow that 
counteract post-stroke synergies during planar reaching.

Therefore, the objective of the current study was to evaluate how forces applied on the hand 
could manipulate joint torques during planar reaching and identify methods of progressively 
increasingly simultaneous joint torques that target abnormal joint couplings typically found 
in stroke survivors. Simulation-based analysis in OpenSim of a musculoskeletal model was 
used to find joint torques while a participant reached for different targets. For each target, 
we found the joint torques required to reach the target against different forces on the 
hand. We then computed two outcome metrics to quantify how forces applied on the hand 
manipulated individual joint torques (torque ratio) and the extent of synergistic shoulder 
and elbow torque coupling (coupling factor). We found that, during a given reach, changing 
the force direction modulated shoulder abduction/adduction (ABD/ADD) and elbow flexion/
extension (FLEX/EXT) torques. Further, we found that force directions could be selected 
to increase simultaneous shoulder abduction/elbow extension and shoulder adduction/elbow 
flexion torques, which could be used to target abnormal synergies after stroke.

Methods and Materials
We used a simulation-based analysis of an upper-extremity musculoskeletal model to obtain 
joint torques during reaches for targets on a horizontal table (i.e., planar reaching). In our 
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analysis, we considered many different force-field conditions. Broadly, our analysis can be 
summarized as follows:

1. Kinematic data were collected from a healthy participant while they performed 
planar reaches in a multitude of directions. During these reaches, no external 
force was applied to the participant’s hand. The kinematic data were used to 
provide the musculoskeletal modelling software with reasonable joint trajectories 
to use as a template for all of our simulation-based analyses.

2. The musculoskeletal modelling software used the collected kinematic data to 
simulate the joint torques that would be required to generate the recorded 
movements. Of the joint torques, we analyzed shoulder abduction/adduction 
(ABD/ADD) and elbow flexion/extension (FLEX/EXT) because they are critical 
components of typical synergies in stroke survivors.

3. We repeated the simulation of the joint torques multiple times. In each repetition 
of the simulation, a simulated external force was applied to the hand of the 
model. In between repetitions, we changed magnitude and/or the direction of this 
simulated force and observed the change in simulated joint torques. Therefore, 
each repetition applied a simulated force to the model’s hand and solved for 
the joint torques that a healthy participant would need to exert to generate the 
empirical kinematic data.

A simulation-based analysis was used (instead of collecting data from humans) because 
our aim was to generate a detailed model of the relationship between the forces on the 
hand and joint torques across a multitude of reach directions, which would not be feasible 
in human subjects experiment. Further, simulation-based analysis allowed us to enforce 
identical kinematics in different force conditions and remove the confounding effects of 
fatigue and motor adaptation during force-field experiments. The specifics of each part of 
our experimental protocol are discussed below.

Collection of template kinematic data
We created a kinematic model of a healthy participant performing planar reaches to serve 
as a template for all of our simulation-based analyses. The details of this model can be 
found elsewhere (Augenstein et al., 2020; Delp et al., 2007; Saul et al., 2015). Briefly, the 
kinematic model was created by recording the three-dimensional kinematics of a participant 
when performing a total of 36 reaches (Figure 2A). Each reach started from a “home” 
position: the location of the participant’s right hand with their elbow flexed to 90° and 
their shoulder and wrist in neutral positions. From the home position, the participant traced 
straight lines (i.e., reaching trajectories) to targets 15 centimeters away. Each trajectory 
was defined by a unique θ, defined as the angle relative to the trajectory of a reach to 
the participant’s right (shown as 0° in Figure 2A). θ was 0° on the initial reach, and each 
reach that followed was rotated counterclockwise by 10° such that θ = 350° on the final 
reach. Each reach was limited to the “home-to-target” portion of the motion - i.e., we did 
not consider the interval as the hand returned from the target to the home position. For 
discussion purposes, we referred to θ ∈ [0,90) as “Quadrant 1” or Q1, θ ∈ [90,180) as Q2, 
θ ∈ [180,270) as Q3, and θ ∈ [270,0) as Q4. The participant was instructed to perform each 
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reach at their preferred speed (2.81s +/− 0.30s)(mean +/− st. dev.). Visual feedback of the 
home position, the current target, the trajectory, and the position of the participant’s hand 
were presented on a monitor in front of the participant using a previously-developed planar 
reaching rehabilitation robot (Chang et al., 2018). It is important to note that this kinematic 
data set is used in all subsequent simulation-based analyses.

Simulation-based analysis
The simulation-based analysis used to compute joint torques is shown in Figure 2B. The 
musculoskeletal model had 7 DOF and was capable of modeling dynamic behavior of the 
right upper-extremity (Delp et al., 2007; Saul et al., 2015). Joint torques about each model 
DOF were simulated by inputting the empirical kinematics and a data file describing the 
simulated external forces applied to the participant’s hand into OpenSim’s Inverse Dynamics 
Tool. The effects of gravity were ignored during the simulation. The joint torques during 
each reach were interpolated to 100 evenly-spaced samples. The shoulder joint torques 
outputted by the Inverse Dynamics Tool were then transformed into coordinates relative to 
the model’s torso to get shoulder ABD/ADD torque.

This inverse dynamics process (i.e., simulating all reaches) was repeated for each unique 
end-effector (i.e., hand) force. We defined a unique hand force as a unique pair of magnitude 
(in Newtons) |F| and direction ϕ (in degrees). ϕ is the angle between the hand force and the 
reaching trajectory (Figure 2C). Therefore, we describe the force direction in terms relative 
to reaching trajectory, not in absolute coordinates (i.e., forces with the same ϕ on different 
reaches will have different directions on the table). ϕ is either a counterclockwise (CCW) or 
clockwise (CW) rotation from the reaching trajectory. We investigated |F| = 10, 20, 30, 40, 
50, and 60N and all ϕ between 45° CCW and 45° CW in 2.5° increments, totaling to 7992 
Inverse Dynamics executions (6 magnitudes × 37 force directions × 36 reaching directions). 
These force directions and magnitudes were selected to reflect what would be possible in 
a future therapeutic intervention with either an existing rehabilitation robot or conventional 
equipment used in clinics. Torque was normalized to the peak torque observed during all 
force and reach conditions.

Outcome Metrics
Our analysis was limited to shoulder ABD/ADD and elbow FLEX/EXT torques, and our 
two primary outcome metrics were “torque ratios” and “coupling factors”. The torque ratio 
expressed how the direction of the forces applied on the hand altered torque contribution. 
Specifically, the torque ratio for a given reach, force magnitude, and force direction was 
computed by dividing the average torque by the average torque recorded during the 
same reach and force magnitude with force direction ϕ = 0°. For example, the shoulder 
ABD/ADD torque ratio during a reach with a |F|, ϕ = 40N, 45° force was found by dividing 
the average torque during this force condition by the average torque during the same reach 
with a |F|, ϕ = 40N, 0° force. Torque ratios with magnitude > 1 denote instances where the 
force direction increased the torque contribution above the ϕ = 0°. Torque ratios that are < 0 
denote a change in torque direction relative to the non-steering case.
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The objective of the coupling factors was to expose reaches that could be potentially useful 
in a future therapeutic intervention. Specifically, this means finding reaching directions that 
could be used to counteract a post-stroke synergy by progressively increasing simultaneous 
joint torques in the shoulder and elbow through choices of different forces on the hand. For 
example, to counteract the flexor synergy, the intervention would start with a reach and force 
direction that minimized simultaneous shoulder abduction and elbow extension torque, and 
then progressed gradually to increase these torques by changing the force directions (Ellis 
et al., 2009, 2018). We computed two coupling factors: simultaneous shoulder abduction 
and elbow extension torque (ABD/EXT) and simultaneous shoulder adduction and elbow 
flexion torque (ADD/EXT). A reach that achieved a high ABD/EXT coupling factor would 
be a potential candidate for an intervention that addresses the flexor synergy. Similarly, a 
reach that achieved a high ADD/FLEX coupling factor would be a potential candidate for 
an intervention that addresses the extensor synergy. Quantitatively, the coupling factors were 
found using Equation (1).

Coupling FactorABD/EXT = 0.5 × τABD − τABD + τEXT − τEXT
Coupling FactorADD/FLEX = 0.5 × τADD − τADD + τFLEX − τFLEX

(1)

In Equation (1), τ denotes the joint torque measured during a reach with some force 
magnitude and direction. τ  denotes the joint torque measured during the same reach with 
the same force magnitude, but the force direction ϕ selected to minimize the relevant 
shoulder torque (shoulder abduction torque for the ABD/EXT coupling factor, and shoulder 
adduction torque for the ADD/FLEX coupling factor). We used the difference between 
the torques measured during these two force conditions to penalize reaches with high 
shoulder abduction or adduction torque regardless of the choice of force direction and 
magnitude. Further, we used the average of the shoulder torque difference and the elbow 
torque difference to reward instances where both the relevant shoulder and elbow torques 
were simultaneously high. The ABD/EXT coupling factor was greater than 0 only when 
the shoulder was abducting (i.e., instances when the shoulder was adducting automatically 
received a value of 0). Likewise, while computing ADD/FLEX coupling factor, instances 
when the shoulder was abducting were set to zero.

Results
The reach-averaged shoulder ABD/ADD torque and elbow FLEX/EXT torque during 
different force conditions for several representative reaching directions are provided in 
Figure 3. The peak shoulder ABD/ADD and elbow FLEX/EXT torques across all reaches 
and forces were 17.4 Nm and 11.2 Nm, respectively. Both shoulder and elbow joint torques 
were modulated by the force direction, and this modulation scaled with the force magnitude. 
The ability to modulate shoulder ABD/ADD and elbow FLEX/EXT torques was also related 
to the reach direction (Figure 4). Namely, reaches in Q2 and Q3 offered greater ability 
to modulate shoulder adduction and elbow flexion, while shoulder abduction and elbow 
extension could be modulated during reaches in Q1 and Q4.
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The torque ratios varied with both reaching direction and force direction (Figure 5). 
Specifically, reaches closer to 90° and 270° created the greatest variation in torque ratios 
with force direction for both shoulder ABD/ADD and elbow FLEX/EXT (Figure 5). 
Additionally, the torque ratios for each force magnitude were nearly identical (Figure 5), 
showing again that magnitude only scaled joint torques instead of altering one joint torque 
relative to another joint.

The ABD/EXT and ADD/FLEX coupling factors varied with both reaching direction and 
force direction (Figure 6). Reaches in Q1 and Q4 offered the greatest control over the 
ABD/EXT coupling factor while reaches in Q2 and Q3 offered greater control over the 
ADD/FLEX coupling factor (Figure 7). The reaches that achieved the highest ABD/EXT 
coupling factor were θ = 50° and 300°, while the reach that achieved the highest ADD/
FLEX coupling factor was θ = 150°. For each reach, a force direction maximized the 
relevant coupling ratio, many times this maximum occurring between the 45° CCW and 45° 
CW.

Discussion
The purpose of this study was to investigate how external forces applied to the hand during 
planar reaching could be used to progressively increase simultaneous joint torques that 
counteract typical post-stroke synergies. We found that the direction of the end-effector 
(i.e., hand) force modulated the recruitment of shoulder and elbow joint torques. More 
specifically, force directions could be selected to (1) increase coupled shoulder abduction 
and elbow extension torques in the right-hand side of the workspace (Q1 and Q4) and (2) 
increase coupled shoulder adduction and elbow flexion torque in the left-hand side of the 
workspace (Q2 and Q3). We also found that force magnitude did little to modulate the 
relative recruitment of joint torques, but instead scaled all joint torques. These findings 
indicate that forces on the hand can be manipulated to modulate torque coupling of the 
shoulder and elbow joints. The findings also have important clinical implications, as prior 
research indicates abnormal torque coupling contributes to loss of arm function after stroke 
and that rehabilitation interventions targeting abnormal joint coupling can help restore arm 
function after stroke (Ellis et al., 2009, 2018; McPherson and Dewald, 2019).

The coupling factors reveal several pieces of interesting information regarding the usefulness 
of certain reaches in counteracting the flexor and extensor synergies. θ = 50° and 300° had 
the highest ABD/EXT coupling factors, suggesting that these reaches are the best candidates 
for an intervention targeting the flexor synergy. This result arises from the range of possible 
shoulder abduction torques along these reaches. For example, shoulder abduction and elbow 
extension torque neared their global maxima along the θ = 50° with a force direction of ϕ 
= 45° CW, but also approached zero along the same reach with a force direction of ϕ = 45° 
CCW. Therefore, by simply sweeping the force direction gradually from ϕ = 45° CCW to 
45° CW, it was possible to progress shoulder abduction and elbow extension torques from 
nearly zero to maximum along the same reach. Conversely, the ABD/EXT coupling factor 
was quite low during θ = 0°, suggesting that this reach would not be an ideal candidate to 
counteract the flexor synergy. This is a useful realization because shoulder abduction torque 
and elbow extension torque are quite high in this reach direction, which would suggest the 
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opposite conclusion. Following the previous research discussed above (Ellis et al., 2009, 
2018), a reach is only useful to a future therapeutic intervention if the relevant shoulder 
torque can be increased progressively, as it allows the training difficulty to be increased 
gradually. θ = 0° received a low coupling factor because it elicited high abduction torque on 
all force directions included in our analysis. Further, reaches near the θ = 90° direction did 
not maximize either coupling factor, but instead offered the ability to target either the flexor 
or extensor synergy with moderate success, depending on the force direction. This was 
shown by both the ABD/EXT and ADD/FLEX coupling factors achieving moderately high 
values during reaches in these directions (Figure 7). This is an interesting result because 
the flexor and extensor synergy are characterized by opposite joint torques, yet our results 
suggest that they can both be targeted in the same reach by simply changing the hand force 
direction.

Although no other study has performed a similar examination of the relationship between 
forces on the hand and joint torques, our results are partially validated by a previous study 
that examined changes in shoulder and elbow muscle activation based on different hand 
steering forces when reaching at θ = 90° (Chang et al., 2018). The authors found that a 
45° CW force simultaneously increased medial deltoid and triceps brachii activation, while 
a 45° CCW force simultaneously increased pectoralis major and biceps brachii activation. 
Our results show the same result, i.e., shoulder abductors and elbow extensors are more 
engaged with a 45° CW force and shoulder adductors and elbow flexors are more engaged 
with a 45° CCW force (Figure 3). Therefore, their results validate, at least partially, that 
forces on the hand that resist a participant’s motion can elicit joint torques that counteract 
post-stroke synergies. However, the authors of this study only considered a reach along the θ 
= 90° trajectory. Therefore, future studies must be conducted to validate our findings in more 
reaching directions.

One strength of targeting abnormal joint coupling during planar reaching is that it can be 
easily integrated into many existing rehabilitation platforms. For example, many existing 
rehabilitation robots were designed to apply targeted resistance during this type of reaching 
(Chang et al., 2018; Hogan et al., 1992; Saracino et al., 2016). More generally, this 
paradigm could be implemented during many standard clinical exercises. For example, 
upper-extremity towel slide exercises are quite common in stroke rehabilitation. During 
these exercises, the patient places their hand on top of a towel resting on a table and 
then proceeds to extend their arm forward, using the towel to decrease friction. This 
exercise could be easily modified to target the flexor synergy by having a clinician 
perturb the patient’s reaching arm toward their midline as they reach forward (Figure 
8). Such an augmentation to an existing therapy exercise would be inexpensive, as it 
requires no additional equipment and minimal training to implement. Further, a clinician 
could easily train a person who spends time with the patient outside of the clinic (e.g. 
spouse, son/daughter, caregiver) to administer the training. This would dramatically increase 
the participant’s training dosage by allowing them to train from home, which is a key 
determinant of rehabilitation outcomes (Lang et al., 2015).

It is important to note that we analyzed joint torques collected during a simulation of a 
musculoskeletal model performing stereotypical reaches in the horizontal plane. We chose 
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this approach over recording torques from healthy participants because our objective was 
to create a detailed model of how forces on the hand influenced joint torques. We note 
that the kinematic trajectories recorded without any external forces were assumed to be 
similar to those with external forces. We believe that this assumption is reasonable, as 
healthy participants can typically perform consistent reaches with visual feedback when 
the movements are not very fast, and the external forces are not very high. Moreover, 
our results are consistent with prior experimental findings (Chang et al., 2018). Hence, 
we believe that our results are relevant to healthy participants; however, it is currently 
unclear how our results will transfer to a stroke population. The movements of stroke 
survivors are influenced by weakness, spasticity, and abnormal joint couplings, and would 
likely often differ from the kinematics analyzed in this study, especially when resisted 
by forces on the hand. However, these effects could be mitigated in a future therapeutic 
intervention by progressively increasing the end-effector (i.e., hand) force magnitude and 
enforcing the correct kinematics via visual feedback. Therefore, we do not believe that 
this shortcoming will influence our main findings or their transfer to a future therapeutic 
intervention. However, more research on stroke survivors is needed to verify this premise 
and to fully understand how different forces applied on their hand affect the shoulder/elbow 
torque coupling.

In summary, the results of this study establish a detailed model of how forces on the 
hand influence joint torques during planar reaching, and how these forces can be used 
to progressively increase joint torques that counteract post-stroke synergies. The results 
indicate that forces applied to a participant’s hand while performing planar reaching can 
alter coupling of shoulder and elbow joint torques in a predictable manner. The established 
relationship between forces on the hand and joint torques could serve as a basis on which 
clinicians could target abnormal joint coupling when treating stroke survivors. Future work 
should utilize the findings in this study and apply them to a clinical population to test if this 
approach to targeting abnormal joint coupling does offer therapeutic benefits.

Funding
This work was supported in part by the National Science Foundation (Award # DGE 1256260 and Award # 
1804053) and the National Institutes of Health (Grant # R01-EB019834). Any opinions, findings, and conclusions 
or recommendations expressed in this material are those of the author(s) and do not necessarily reflect the views of 
the funding agencies.

References
Augenstein T, Washabaugh E, Remy CD, Krishnan C, 2020. Motor Modules are Impacted by the 

Number of Reaching Directions Included in the Analysis. IEEE Trans. Neural Syst. Rehabil. Eng. 
4320, 1–1. https://doi.org/10.1109/TNSRE.2020.3008565

Beer RF, Ellis MD, Holubar BG, Dewald JPA, 2007. Impact of gravity loading on post-stroke reaching 
and its relationship to weakness. Muscle and Nerve 36, 242–250. https://doi.org/10.1002/mus.20817

Brown SR, Washabaugh EP, Dutt-Mazumder A, Wojtys EM, Palmieri-Smith RM, Krishnan C, 
2021. Functional Resistance Training to Improve Knee Strength and Function After Acute 
Anterior Cruciate Ligament Reconstruction: A Case Study. Sports Health. 13 (2), 136–144. https://
doi:10.1177/1941738120955184

Augenstein and Krishnan Page 9

J Biomech. Author manuscript.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Chang CK, Washabaugh EP, Gwozdziowski A, Remy CD, Krishnan C, 2018. A Semi-passive Planar 
Manipulandum for Upper-Extremity Rehabilitation. Ann. Biomed. Eng 46, 1047–1065. https://
doi.org/10.1007/s10439-018-2020-z

Delp SL, Anderson FC, Arnold AS, Loan P, Habib A, John CT, Guendelman E, Thelen DG, 2007. 
OpenSim: Open-source software to create and analyze dynamic simulations of movement. IEEE 
Trans. Biomed. Eng 54, 1940–1950. https://doi.org/10.1109/TBME.2007.901024

Dewald JPA, Pope PS, Given JD, Buchanan TS, Rymer WZ, 1995. Abnormal muscle coactivation 
patterns during isometric torque generation at the elbow and shoulder in hemiparetic subjects. Brain 
118, 495–510. https://doi.org/10.1093/brain/118.2.495

Donaldson C, Tallis R, Miller S, Sunderland A, Lemon R, Pomeroy V, 2009. Effects of 
conventional physical therapy and functional strength training on upper limb motor recovery after 
stroke: A randomized phase II study. Neurorehabil. Neural Repair 23, 389–397. https://doi.org/
10.1177/1545968308326635

Ellis MD, Carmona C, Drogos J, Dewald JPA, 2018. Progressive abduction loading therapy with 
horizontal-plane viscous resistance targeting weakness and flexion synergy to treat upper limb 
function in chronic hemiparetic stroke: A randomized clinical trial. Front. Neurol 9. https://doi.org/
10.3389/fneur.2018.00071

Ellis MD, Lan Y, Yao J, Dewald JPA, 2016. Robotic quantification of upper extremity loss of 
independent joint control or flexion synergy in individuals with hemiparetic stroke: a review of 
paradigms addressing the effects of shoulder abduction loading. J. Neuroeng. Rehabil 13, 1–11. 
https://doi.org/10.1186/s12984-016-0203-0

Ellis MD, Schut I, Dewald JPA, 2017. Flexion synergy overshadows flexor spasticity during reaching 
in chronic moderate to severe hemiparetic stroke. Clin. Neurophysiol 128, 1308–1314. https://
doi.org/10.1016/j.clinph.2017.04.028

Ellis MD, Sukal-Moulton T, Dewald JPA, 2009. Progressive shoulder abduction loading is a crucial 
element of arm rehabilitation in chronic stroke. Neurorehabil. Neural Repair 23, 862–869. https://
doi.org/10.1177/1545968309332927

French B, Thomas LH, Leathley MJ, Sutton CJ, McAdam J, Forster A, Langhorne P, Price CIM, 
Walker A, Watkins CL, 2009. Repetitive task training for improving functional ability after stroke. 
Stroke 40. https://doi.org/10.1161/STROKEAHA.108.519553

Graef P, Salazar A, Dadalt MLR, Rodrigues DAMS, Michaelsen SM, Pagnussat AS, Doussoulin 
Sanhueza A, 2015. Effects of functional and analytical strength training on upper limb motor 
and functional recovery after stroke: a randomized clinical trial. J. Neurol. Sci 357, e453. https://
doi.org/10.1016/j.jns.2015.09.112

Hogan N, Krebs HI, Charnnarong J, Srikrishna P, Sharon A, 1992. MIT-MANUS: a workstation for 
manual therapy and training. I., in: [1992] Proceedings IEEE International Workshop on Robot 
and Human Communication. IEEE, pp. 161–165.

Kikuchi T, Fukushima K, Furusho J, Ozawa T, 2009. Development of Quasi-3DOF upper limb 
rehabilitation system using ER brake: PLEMO-P1. J. Phys. Conf. Ser 149, 0–4. https://doi.org/
10.1088/1742-6596/149/1/012015

Kleim JA, Jones TA, 2008. Principles of experience-dependent neural plasticity: Implications 
for rehabilitation after brain damage. J. Speech, Lang. Hear. Res https://doi.org/
10.1044/1092-4388(2008/018)

Lang CE, Lohse KR, Birkenmeier RL, 2015. Dose and timing in neurorehabilitation: 
Prescribing motor therapy after stroke. Curr. Opin. Neurol 28, 549–555. https://doi.org/10.1097/
WCO.0000000000000256

Levin MF, Kleim JA, Wolf SL, 2009. What do motor “recovery” and “compensationg” 
mean in patients following stroke? Neurorehabil. Neural Repair 23, 313–319. https://doi.org/
10.1177/1545968308328727

McPherson LM, Dewald JPA, 2019. Differences between flexion and extension synergy-driven 
coupling at the elbow, wrist, and fingers of individuals with chronic hemiparetic stroke. Clin. 
Neurophysiol 130, 454–468. https://doi.org/10.1016/j.clinph.2019.01.010

WHO, 2002. The world health report 2002: reducing risks, promoting healthy life. World Health 
Organization.

Augenstein and Krishnan Page 10

J Biomech. Author manuscript.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Saracino L, Avizzano CA, Ruffaldi E, Cappiello G, Curto Z, Scoglio A, 2016. MOTORE++ a portable 
haptic device for domestic rehabilitation, in: IECON 2016–42nd Annual Conference of the IEEE 
Industrial Electronics Society. IEEE, pp. 728–734. https://doi.org/10.1109/IECON.2016.7793115

Saul KR, Hu X, Goehler CM, Vidt ME, Daly M, Velisar A, Murray WM, 2015. Benchmarking 
of dynamic simulation predictions in two software platforms using an upper limb 
musculoskeletal model. Comput. Methods Biomech. Biomed. Engin 18, 1445–1458. https://
doi.org/10.1080/10255842.2014.916698

Sukal TM, Ellis MD, Dewald JPA, 2007. Shoulder abduction-induced reductions in reaching work 
area following hemiparetic stroke: Neuroscientific implications. Exp. Brain Res 183, 215–223. 
https://doi.org/10.1007/s00221-007-1029-6

Twitchell TE, 1951. The restoration of motor function following hemiplegia in man. Brain 74, 443–
480. https://doi.org/10.1093/brain/74.4.443

Washabaugh EP, Augenstein TE, Krishnan C, 2020. Functional resistance training during walking: 
Mode of application differentially affects gait biomechanics and muscle activation patterns. Gait 
Posture 75, 129–136. https://doi.org/10.1016/j.gaitpost.2019.10.024

Washabaugh EP, Guo J, Chang C, Remy CD, Krishnan C, 2019. A Portable Passive Rehabilitation 
Robot for Upper-Extremity Functional Resistance Training. IEEE Trans. Biomed. Eng 66, 496–
508.

Augenstein and Krishnan Page 11

J Biomech. Author manuscript.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Figure 1: 
Visual demonstration of how end-effector (i.e., hand) forces can elicit shoulder torques. 
Hand velocity along a forward reach (vhand) is mostly a function of Jacobian matrix J, 
shoulder flexion velocity θ̇sℎoulder flexion , and elbow extension velocity θ̇elbow extension . 
An external force applied to the hand that perturbs the motion (Fon the hand) must be 
counteracted by the participant to maintain vhand. Increasing shoulder flexion/extension 
or elbow flexion/extension torques is not appropriate because Fon the hand is close to 
parallel with both torque axes. However, the shoulder abductors (τabductors) are capable 
of generating a torque that equates to a force Fabductors, equivalent, equal to and opposite of 
the Fon the hand.
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Figure 2: 
A visual depiction of the experimental procedure. (A) Data collection phase: The kinematics 
of a participant were recorded while they reached for 36 different targets on a horizontal 
table. (B) Simulation phase: For each reach, we simulated the joint torques exerted during 
different force directions and magnitudes. (C) Force direction (ϕ) is defined by clockwise 
(CW) and counter-clockwise (CCW) rotations relative to the reaching trajectory.
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Figure 3: 
Average shoulder abduction/adduction and elbow flexion/extension torque for all force 
conditions during representative reaching directions. The independent axis of each plot is 
force direction, ranging from 45° CW to 45° CCW, and each trace denotes a different force 
magnitude. The torques were normalized to the largest recorded torque during all reaches 
and force conditions. The red line (solid horizontal) denotes zero torque, positive shoulder 
torque was abduction, and positive elbow torque was flexion.
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Figure 4: 
Shoulder abduction, shoulder adduction, elbow flexion, and elbow extension torque for all 
force conditions during all reaches. Each trace denotes a different force direction. The outer 
ring of each polar plot expresses a normalized magnitude of 1.
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Figure 5: 
Torque ratio of shoulder abduction/adduction and elbow flexion/extension for all force 
conditions during different reaches. A torque ratio of magnitude > 1 means that the force 
direction caused the torque exerted during the reach to increase relative to the same 
reach and force magnitude with force direction ϕ = 0°. A torque ratio < 0 indicates that 
the direction of the torque exerted during the reach changed direction. The red (solid, 
horizontal) line denotes a torque ratio of 1, i.e., no change in torque relative to the case when 
the force direction is 0.

Augenstein and Krishnan Page 16

J Biomech. Author manuscript.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Figure 6: 
ABD/EXT and ADD/FLEX coupling factors for all force conditions during different 
reaches. A reach that achieves a high ABD/EXT coupling factor means that it is a potential 
candidate for an intervention addressing the flexor synergy. Likewise, a reach that achieves 
a high ADD/FLEX coupling factor means that it is a potential candidate for an intervention 
addressing the flexor synergy. The red (solid, horizontal) line denotes a coupling factor of 
zero.
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Figure 7: 
ABD/EXT and ADD/FLEX coupling factors for all force conditions during all reaches. A 
reach that achieves a high ABD/EXT coupling factor means that it is a potential candidate 
for an intervention addressing the flexor synergy. Likewise, a reach that achieves a high 
ADD/FLEX coupling factor means that it is a potential candidate for an intervention 
addressing the flexor synergy. Only the 60N force conditions are shown, as magnitude 
appears to simply amplify the effects of force direction on joint torques. The black curve in 
each plot denotes the highest coupling factor for each reach.
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Figure 8: 
Visual demonstration of a potential clinical implementation of the findings of this study 
using towel slide exercise. Left: As a patient (light blue shirt) attempts to slide a towel along 
a desired trajectory, the clinician (green shirt) pulls the patient’s hand off the trajectory. 
The patient counteracts this perturbance by activating their shoulder abductors. Right: The 
force from the clinician alone results in the red trajectory, the torque from the shoulder 
abductors alone results in the blue trajectory. Both simultaneously results in the green 
(desired) trajectory.
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